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~An interactive computer simulation, LARC-I, has been designed
to solve the non-linear cquations of motlon of a generallzed VTOL
aircraft taking off from or landing on the deck of a ship mov1ng in an
irregular or random seawayv.

This version of LARC-I is limited to longitudinal motions
but is designed for eventual expansion to all degices of freedOﬂ.

The LARC-I progrems makes use of ship motion amplitudes and
f*cquencios derived separately in a ship motions program, wherein
the forcing functions of the seaway are based on a stochastic representa
tion of the waves for any given sea state. The pitching and heaving
motions of the ship are transmitted to the aircraft by a realistic
simulation of the landing gear. ’

The program permits solution of an arbitrary maneuver, defined
by a scguence of aircraft control changes, and composed of any number
of scqment of arbitrary length, in cach of which the controls remain

l" ad.

(AT ST B RALE R N YIS 2 T A a1

R

I §

ST

The equations of moution for a gencralized VTOIL aircraft are
verticularized by adding a force and moment module for each specific
alrcrait. This version of LARC-I contains one such module for the
“t=53A, D helicopters.

Dynamic validation with flight test data is considered excellent
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SUMMARY

Project Description

This roport describes the work accomplished by CADCOM,
Inc., under O<R Contract N00014-72-C-0531, titled “Sea Control
Ship/ai_.craft Motions". The work was spdnsored jointly by
he Offien »I Naval Research and the Naval Air Systems
Comvand, ”

The purpos« ¢f the project was to develop an analytical,
ccmputeréaugmented. simulation to provi&e:- (a) é'launch/
recovery effectiveness evalvation of ship-aireraft combina-
tions under a variety of wind/wave and ship motion conditions,
and (b) a specific effectiveness evaluation directed to a
Sea Control Ship and the VTOL aircraft to be associated with
its operation., The principal objactive was the construction
and subsegqguent ovaluation of an accurate and representative
simulation model,

It was ostablished that certain limiting assumptions
and sinmplifications would be necesszary in crder to make
the developinent of a simulation possibie under the given
funding and time constraints and chat the exarcise of the sedsl
would be necessarily confined to iwo candidate sea control
ships and twa airveraft (GH-33 and Harrieri.

The simulation package which waz davsioped under the
contract is callad "LARC-I" {LAunch ard Recovery Campatibilityl.
LARC~! sizulater the motisn of an sirceaft in an irregular
seavay. Althouyh the motiors of ° ¢ aircraft are con-
fined tu the x-3 plane and Lhese of ths ship to heave,

piter and a forward motion, tWhe LARC-1 program is
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structured to allow_an'orderly modular expansion into

a version which will simuiate the motion in all six dagfgel
of freedom, longitudinal and lateral. | |

The ship motions selected for the exercise o. the moagl
are paranetric in nature and hence ca& raepresent the motibns
rf a number of candidate air-capable ships. The aircraf:
used in the model exercine and generation of data wa: the
CH-53D helicopter. During’ths-performance pericd, —«DCOM,
ONR, and NAVAIR attempted to obtair data on the !. .rier
aircraft without success., Thus, the lattai aivéraft‘ﬂgs
eliminated from the computational phase of t.. projcct and,

instead, additional data was generated for the CH-33D, . |

Conclusions

Data on the Harriex aircraft was received by CADCOM
after the compiétian of this pxojeét, and it is included in
this report (Agpendix E) for refarence ﬁarp@ses.

A8 a result of ti.is work, the tantative coneiusiea
has been rmached that pitching and heaving plstfore motions
will not limit normal toke-off and recovery mansuvers of 2
VTOL aircratt of thizx type, Natural {esqueancies arz 190
far apart to couple. Although there is an inqrsase in
contral fraguencies dug to fuselage pitching momanta, the
rejjuiread pilot rewpunse iw withia normal lisits, Specifically:

&. PFor the ship motice zondizions favestigated, no
soricus stability probles scaurred which would liait ihe

take=otf capability of the CH«%1D halicopter. The statie
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and dynamic stability margins of the aircraft are sufficient

to allow safe take~off maneuvers with acceptéble levels of

pilot effort.

b. In no case were landing gear loads in excess of

the design limit loads as given in References 6 and 7. (Note)

Recormmendatione

As 'a result of its éxperience with surveying the state
of the art, developing the mathematical model, constructing
the computer simulation, and applying LARC-I to realistic
ship/aircraft operations. CADCOM makes the “ollowing recom-
inendations:

a. Successful and realistic general use of the LARC
simulation as an analytical tool in system analysis will
require the extension of the progrem to all six degrees of
freedom for both ship and aircraft. It is apparent from
the results of the longitudinal moticn studies that high-
frequency cyclice reégcnﬁe will result in roll farces which
may couple with landing gear forces in the roll plane.

b, Real-time or uaai-real-time flight control should

be added to the sinulation to allow the operator to "fly* the

nodal. His refarence gystem would be provided by an inter-
active computer graphi-s display. In the present version,
the modsl operates in short (5-8 secend) control-fixed sag=~

ments. In the proposed interactively controlled model, the

\ ) T .
Note: Jesisn linit Inads < maln gasr: 2183

teac™ gasr = cond. . B, L.)
nose gear: 17100F

{each gear - cond. L. L. 3 PT.)
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high sampling rate contfol loop would allow adaptive control
in a real-time mode¢ which nore accurately reflects pilot
response.

¢. Investigation of the mathematical representation of N
‘the random sea with the intentiéh of resolving the problenms

discussed in Appendix D should be continued.

¢t np e i o b

.
!
i
i

e A A s SR K el

AU L SR TR S A 2 G W% ATk etk Sk et S ML 2o



I. INTRODUCTION

Frequently the effect of the motion of a ship in
moderate to heavy seas on the aircraft and/or the ship
design and perfqrmance characteristics necessary for a
high probability for a-suCCessful launch or recovery o:i
aircraft have been given little consideration cduring the
design phase. in fact, the design trade-offs between
the ship and the aircraft performance characteristics are
probably unknown to a large degreec.

Recently the Sea Control Ship has emcrged as a signifi-
cant advancement ir our defeanse posture., Az presenily con-~
ceived, the Sea Control Ship is a small, versatile combatant
with significant air capability. If this new concept is to
succeed, significant effort nust be expended %o insure that i
small ships can serve as adequate plétfcrms for aircraft.
Since the platforms on such ships will of necessity be
smaller, the mutions of those platforms will consequantly
ks more sevare than thosc of present aircraft carriers.

Gre of the first steps in the process of evaluating
the air capakle potential of candidate ship types and/or
desiqns is to daterminé their seakesping characteristics,
Once the response cof the candidate ship to various sea
states is known, xhis information can be assossed together
with the maneuverability and control characteristics of
candidate alrcraft to determine the petential as & Sae

control BShip or alrerafe.
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Using coﬁputer-aided analysis and interactive graphics,
techniques it is possible to simulate the individual'motions
of both the aircraft and the ship and hence their relative
motions. This leads to the ability to estimate the proba-
bility of a successful launch/recovery with existing aircraft
from existing or proposed snips. In addition, it is possibie
to simulafe the motion of proposed ship concepts and thus
to determine the probability of a succe#sful launch/recovery

with existing or proposed aircraft.

In the following discussion, the motion of the ship is
first discussed in Section IX, then the motion of the
aircraft in Section 1II, and finally the combined motion as
used in the simulation as well as the simulation itself in

Section IV.
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IJ. SHIP MOTIONS

The characteristics of the ship which were used in
this simulation are shown in Table II-1. Further details
are given in detail in References 1 and 2. The determina-
tion of the ship rearoinse amplitude operator (RAO) was by
means cf the linear superposition theory described in
References 1 through 3 except for the pitch RAO at a
Froude number of 0.30. These responses were derived from
model tests. The theoretical and experimental values are

shown in Figure II-1,

TIBLE II-1
MODEL M

PARAMETER SHIP MODEL VALUES

LENGTH BETWEEN PERPENDICULARS

L8P, FT 12.69
DRAFT AT I . FT 0.715
BLOCK COSFFICIENT 0.632
BEAM, FT | 1.83
CENTER QF BUOYANCY, FT. AFT OF T 0.208
STATIONS 10,33
CENTER OF VLOTATION, Fi AFT QF 324
STATIONS 16.83
RADIUS OF GYRATION/LEP, FT 0.256

The full scale length of the ship was assumed to be 630!

LWL and LBP. The maximum speed of the vesssl was assumad to
be about 25 knots, corresponding to a Froude number
FZ » smoew = 0.30 11-1
¥ Qi

11-1
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The data shown in Figure II~l1 are for Froude numbers of

0.10, 0.20 and 0.36, and for wave lengths ranging from

L/A = 0.50 to 1.10. In only one case were the exper.mental

results substituted for the theoretical curve; the pitch
response at Fr = 0.30. Except for this case, theory

and experiment are in close agreement. At Fr = 0.30,
the theory overestimates the pitch response by up to 3
percent. The authors of Ref. 1 attribute this to large
"steady state" waves which may be expected at and above
the design hull speed. The design speed for the Model M
hull is about Fr - 0.28, or for a 630' ship, about 23.5
knots. Unless the interaction betwcen tha oscillatory
motion and "steady stete Kelvin wave pattern is accounted
for in the tucory,. strip theory may be expccted to over-
eztimate amplitudes in the specd regime where:such waves
affect the pitching responsa, For pitching amplitudes

at Fr & 0,30 the dashod curve of Figure IT7I-le was used.

This curve was caineiaent with the theoretical cury

o3

betwees LAZ o 0,9 (o 1,2,
The Plarson-Maskewitz god 8000 "um wan uzed an the

poprogantation of the raplon seas, This spectyun g
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The spectral valuves for significant wave heights of 15,

20, 25 and 30 £t are shown in Figure 1I-2, This formula
gives an approximation to real sea condiiions which has
been recommended by the 1llth International Tcwing Tank
Conference (1966) for use “"when information on typical sea
spectra is not available.®™ The shapes of spectral curves
derived from data'gnllectéd in different sca locations

and at different periods of the vear show wide variations.
In future studies, it is recommended that more representa-
tive data be used. At thie stage {in thiz project)the
Pierson~Moskowitz spectrum .s adequate since the princi-
pal objective of the investigations described herein is
the demonstration of the simulation model.

The curven of Figure II-2 approximatg the spectra
which would be derived from data collected at a stationary
point. If the point were moving at a steady velocity in a
straight line, the curves would be displaced to the right
as shown in Figure I1-3, The displaced curve in Pigure I1I-3
is the 20-font spectrum a8 it would appear to a ship moving

at 25.3 knots or 42.8 FFS. To map the spectral data from

the stationary @ « ¢ plans (whero w is wave frequensy ond

X 18 wave headine! 100 chne moving we-raplana, where wy ix

the frequency of sncounter, where ad and w are related by

W n k\(lfuv

o *-§- cO8 ¥} 11«2
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it is necessary to make use of the Jacobean

transformation

we ¥ B 3{w.y)

we:xe

dw auw
o, g
3x X
dug Bxe

11-4

For the head-on condition, where the ship is overtaking

the waves and traveling in the same dirsction, the Jacobean

is
1

(1 + ﬂgb vy /2

II-5

Each ordinate of the "stationsxy" curve is multiplied by

the above expression to give the corresponding ordinate

of the transformed spectra, as it would appear to a meving

ship (Reference 3).

Typical valuas of wave frequency, encounter frequencies

and wave lengths for

in Takle 1I-2 bLslow.

.4
e
1.2

Tne wave length Y and the wave

by the egquation

the 630 ship at *r

TARLY

1575
767
525

i«7

=2
i‘l}a B
.358 . 265
.507 .356
621 403

= 0,30 are shown

freguency « atre ralated
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For U = 42.3 fps, @ 13 given by

= 3 9 -
w¥ g ot 1/2‘/:16 + 30 11-7

The transformed sea spectra and the ships response
amplitude operator squared are now multipied ordinate«by-
ordinate to obtain the response amplitude spectra for a
given sea state and ship velocity. Examples are given
in Figure II-4 for significant Qave heights ¢of 15 - 20 f¢
(sea state 6} and 25 =~ 39 ft (sea state 7), for the ship
Model M moving act Fr = 0,30, Thus, ths respohsg energy

spectrum as a function of eacounter fra qnen*v W, I8

4 = 2 * | ) V - “
Splug) = [Rlug)1? * 85t ) 11-8

The total energy of the response spestrum iz by dofinktion

Ep = 17 8y tud duy B
2 ° '

and assuming a Rayleigh Cstribution of the maxima (Mampli-

tudes™) the following reuponse values may bBo expresusd:

the wvorave *anplitada® B ¥ 1.293VE 1310
the siunrfieosnt Tamplilitudas® ““/3 z,ea&«fzg
. faverage of t&e 133 ﬁiqhest\
L 4 3 : g 7 : e )
tha "171¢ highass ai“iﬂ » 3»5§ﬁ‘u$ﬁ

favaraga of thﬁ 151& h;gna&:}
£a3 & Fragds nusber «f 0,33 che hwave acd piteh
motione tnduced 58 the shigd @4, by frrewulsay sess of

given signfipant wave kéi%ﬁ&% ari; showa in Table 1«2,

< e
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TABLE II-3

SIGNIFICANT MOTIONS
{Avg. of 1/3 Highuct)

SIGNIFICANT HEAVE PITCH

WAVE HEIGHT AMPLITUDE AMPLITUDE
{(FT.) {FT.} (DEGREES)
15  8.932 2.113
20 11.207 3.163
25 14.514 4.321
30 18.035 5. 492

The amplitudes shown in Table II-3 are those used
in the program to calculate motions at the landing locatica.
The Piaerson-Moskowitz Spectrum which was used in |
this determination of herve and pitch asplitudes expresses
the enevgy in fully developed seds and it depends on
only one parameter, the significant wave height thS‘
With moro pargmetexs ene ccﬁld :epkasant the sca snectra
actually ancountered which &re for the mest part not |
fully developed., Or, more acecurately, & spectrum could be o
usad, derived from actual wave datz at a given losatioa.
Thit 90916 provide the sighest scasurs of accuracy but
wot ld néc@asarily apply only to conditiong which may ovcur
at that geoyrapghic ioeation at that tise of yoar. The
Plerson-Moskowity spectrun is used in thiz stidy botause

it is éiapxé 15 apply ard gives reaswnable prediétians.

| ¢ £+
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Ordinarily, the simulation would determine the heave S e
amplitude of any point other than the center of gravity

by evaluation of the heave response spectrum
Y

. 2 — a.. 2 y Y 2
R, . fw)]” = l.z'cg () 1% + L% (Ry ,Mw)]

+ 2{Rr (w )R

z,cqg (Ye)Rg, cgte) Cos (8(u)) = elu,)) 1I-11

where R, is the response amplitude operator in heave (z)
4

at any point x
R is the RAO in heave at the c.g.
zZ,c9

R is the RAU in pitch at the c.q.

8,cq
,Q is the distance from the c.qg. to the point x,
Wg is the encaunter frequency and
6,e are the phase angles for pitch and heave r spectlvely(“)
both measuring the lead of the ship response v

with respect to the maximum wave elevation at the
midship location.

The ship vertical displacement spectrum at any peoint other
than the c.g. due to the combined mntions of heave and pitch
are detarmined from this expresaion in the same fashion

as the heave and pitch separately at the ¢.g. That is:

SR iwe) o (R x(”g)’ . Ss(“e) II-12
X

and the significant response amrlitude is

, - ' 1/2
3x (wa) - 2.0 { SR:“‘QQ) dwg ;1-13

1x1-11
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SR is the RAO in the z direction (vertical)
“z,x at the point x due to pitch and heave at

the c¢.g.

zx(m ) is the significant vertical displacement
at the point x.

Although the results derived from this procedure are statis-
tically correct, they are difficnlt to use because

the motions due to pitch and heave are coupled in the
resulting amplitude Zx(we). Use of this amplitude aloae
precludes the analysis of the effects of heave and pitch
motions at the point x separately. It would be preferable

to be able to use an axpression of the form

-
3 lug) = % . cos (i - &) +‘(Bcgccs (u t - € II-14

9

wheoe i; is the vertical displacement at x

zcg is the maximum vertical displacementto the <g

ec is the maximum pitch displacement,

¢

Or more convaniantly

p~ ., .? e
zx(u) " zc ces(metl * Aaegcaa (ueh §

1
where w; -‘é (mﬁt - &} I3-18%
and §° « (4¢ ¢ )
At w.t « 0 cosfu .t} v 1
lin(wet) L]

and 8, =2 ¢ {0 egSin &’ 11-16

&g
1§-12
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If this is set equal to Zx(o), the coupled pitch/heave ’ kﬁ)
deflection at x, cos &  and hence 6’ can be determined.
An example of a calculation is shown below to illus-
trate the use of this method.
The ship motions program predicts the following
motions at stations 10 (approximate c.g.) and 5 (157’
forward) for a 30' wave condition
]T*STATION-"""‘S‘
VERTICAL 18.03" 28.56"
PITCH 5.49° 5.49°
(67) = 6° = 2833 = 18:03 _ 5 698 map. 1II-17
157 x 0.0958
At first this result appears to contradict the phase re- {:i

latjons predicted by the ship motions program. Figure IX~5

shows these relations for the L/) range from 0.4 to 1.2

for the Model M. The heave and pitch motions are everywhere

out of phase by batween BOfand 135°. However since the

pltch always lags the heave by this amount, the vertical

motions are additive and thus Equation II-15 is a very good

approximation of tho maximum sbzolute deflection when &

ix determined in this manner. The harmonic motizn at vhe

point x can be axsumed very nearly equal to
g, = &; cos {w,t)

1I-18

Gx L] ch Los (weh)

with 27 determined by Eg. II-16 and with &' caiculated

&8 in Eg. 1I-17 for the particular péint 157" ahead of the

11-113
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cg, for a sea state spectrum based on ausigﬁificant
wave height h1/3 = 30 and a ship forward velocity of 25
knots. :

The final problem, which must be solved in order to .
meke the ship motions data useful in an investigation such
as this, is the selection of a realistic value for W o
The procedure which has been used is to set the value of
the encounter frequency equal to the ratio of the integrals
of the amplitude and velocity response spectra in heave.
(The difference in this value and the corresponding value
for the pitch spectra is always very small, never greater
than 0.02 rad/sec,) 1In effect, this is the ratio of the
total energy of the response spectrum and the first moment
of that spectrum, ox

«
i) wesk‘wa) dme

e L 11-19
sig s Sg (wp)dwe
o > A

{lt makes nc difference, incidentally, whether the sea
spectrum Ss anérﬁhe RAQ are computed for wave fraquencies,
Ly, of encounter frequencies, g That iz to say the

same values result whan the sea gpectrum Sa(w} and RAO,
R{.), are transformed saparately into the encounter fre-
guency plane, and then multiplied, tn(mei)z' sa(mej to give
whie ship responss spectrum S (me), as whon the responso
spectrus Sp{u) transforms inte the same plane without

prior shifting of the component curves.)

I1-1%
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Eq. I1I-19 gives the value of a weighted average

where the weights are the squared amplitudes of the ship
response associatad with that particular frequency. Since
the Sp curve does not by nature possess multiple maxima,

Eq. 1I-19 computes a weighted value associated with the
wave components (wave lengths) to which the ship can
respond and to wave heights in the sea spectrum, ss(me),
which possess significant energy content to excite the ship.
Since wave length and wave height are independent, this

is the only fecasible way of asscciating these values.

It is important to note taat w, is not necessarily the

e
most prebable value. FPor example, if the ship response

curve is flat through a range of frequencies, thus

dSR(we)

dwe

then the value computed by Eq. 1I-19 will be between

wel and wez; not necessarily midway between. In this
case, very small changes in the amplitudes of S, (uw,)

and Rlu,i, while not affecting thu value of

E, ™ fegtu)du

approciably, &re suificient to effect the value of

e to the extent that it may have any value betwean
sig

@, and «_ . Sinco the tatal value of E. has not baen

ey e, )

signficantly changed, all values of w in the range

$ig

I1-16

e A BN A AN o AN MR o S N A AR £ Ao A e DeRE PR AN R




SRERRANT Y A S I S e

¥

W te W are nearly equally probable. Fortunately,
1 1 '

the average ship acts like a narrow band filter and
responds only to a narrow range of wave lengths approximately
the same length as *he ship (i.e. LWL + 0.25 LWL). Since
the period of most ship'motions of interest in this study
{say 10 - 15 seconds) is 1long in cémparisbn to most
motions of interest in the aircraft (1 - 5 secends) the
value of Wy is not critical. This cbservation is further
supported since Eq. 1I-19 assures us that the value comruted
lies in the range of nearly equal probability.

The values used in this study for a 30' wave con-

dition, 630! shié moving at 25 knots iato head seas were:

i}

heave amplitude 18,035

it

12.320 : -

H

velocity amplitude

W
®o16 0.679

it

&4 ]

203/u®

f®t

or since wave length A

ASIG w 43y’ = 0,70 X LWL

Additional results are shown in Tabhle 11-4,

i1-12
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TABLE 11-4 SHIP CASE.
I II
Vs' SHIP VELOCITY, KNOTS 25 25
Nye MAX. HEAVE AMPLITUDE(l), P 18.035 11,207
Nse MAX. PLICH ampriTope ‘Y | pEG  5.492 3.162
_ Mg, NOH DIMENSIONAL ENCOUNTER
FREQ. (2 3.45 3.45
§°, PHASE ANGLE OF PITCH WITH
RESPECT TO HEAVE, RAD .698 1.357
X, . .
1 _ ! COORDLINATES OF SHIP
5 FT 0 0
Z. CGAT t =20
1.}
=2
X, T A e |
9 1LR}COOROINAPn$ OF LANDING | .. (3) (3)
3 z, shREA, t =0
. LR, ' :
j; hl/? SIGNIFICANT WAVE HEIGHT, FT 30 20 d
1 S5 SEA STALE 7 6 i
3 (1) Significant (i.e., average of one~third highest) é
3 values. In the program, the parameter is the ratio &
3 of the “amplitude" Ny te 1/2 the “height® hl/S' :
. thus 18.053/15=1.21. :
E (2) by = wovh/g where L is the ship length, ;
g : 8
p {3) Threr locations were studled: midships and + 100° :
E ¢ from midships, all 26.%' above W.L. 8
- L
L 3
4 ;
H
1
%
11-18 .
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III. AIRCRAFT MOTICNS

e

| S

As is well known; the equations of motion for an air- ' -
craft can be written in a variety of forms, eqch form more
suitable tc the solution of a specific problem {such as
stability, response to gusts, control response, or automatic
contrcl design), and each form subject to advantages and
limitations. In the past, most stability and control work
has been accomplished with the linearized equétions of

small disturbance theory. (Reference 4, section 4-14) ,

Since the stability of the aircraft being studied
has already been demonstfated, stability for normal flight
conditions is not a primary consideration.Thus, the force
and moment equations themselves are used in this study.

The principal advantages in using the force and moment . {M}
equations lies in the ability to handle (a) large angular
displacements {e.¢. greater than iO“), (e) non-linear ground

and air reactions, and {c¢) the coupling reactions between

longitudinal and lateral forces, '

Finally, the compﬁter has removed most of the practical
difficulties in the selution of the governing non-linear
coupled vquations,

The genaralized equations of motion of an aircraft,
which are used in this simulation, are given in Appendix B,
These equations are jdentical to the equations presented
in Reforance ¢, Section 4, exéept tor the addition of the

force and moment cguation for the landing gyear. Tﬁey are

I11-1




generalized in the sense that they apply to a configuration
consisting of any combination of the following components:

(a) Single rotor

(b} Two rotors in tandem roior configuration

(c) Fuselage

(d) Horizontal tail

(e) Vertical tail

(£} Tail rotor

(g) Propellersror jet engine

(h} Lift engine or deflectable thrust

(i) Wings

(j) Various stabilization devices

For the present simulation, which is limited to the
pitch rlane, the governing eguations of motion are:
The X-Forece Equation:

X om XD+ (K)ot (XD b (XDt (K)ot (KD e

i=1 ITx-1
n

I (X}, W sin@ - §<&+@w;uo .
i=1 i
whare

QX)F w Fain{u«g?)-ay con (m-&F)
(Klpys®  bpustinfacepygt=Dpygeoslontpys) + Fug
(X} = Lygsinfame,} =D o8 (neg)
(X)TA & L?siﬁ(u~tT)-DTces(a*£T)

(x)VT . -Dvrcuu{a-cVT)




PR AP By Wﬁw

L

)

(X) = =D __cos{a~t

TR TR TR

(X) T cos ip - N sin ip

Py Py i Py i
The Z-~-Furce Equation:

Z = (ZF)+(Z)FU€+(Z)W+(Z )+(Z)VT+(Z)TR1; +

T

n W e 2 1II-2
L (Z)P +W cosf~ = (w-Bu)=0
i=1 i g
where
(Z)F = —DF51n(a-eF) + LFcas(u-eF)
(Blpye = ~Dpygsinla epye) thyygoos (0=Epp0)
(Z)W = Dwgin(a-sw) + Lwcos(a~ew)
_(Z)T = -DT81n(u-£T) + LTcos(u-cT)
(2)yp = -Dvsin(Q~€v?)
(Z)TR = «DTRsln(gchR)
(2) = -T sin i + N cos i
?i Pi Pi Pi Pi
“he Pltching Morenﬁ Equation'
n
M o= ) (M), = z (X) A, + (M), + M
iml 1 i“l i &i Q 1 I
and
Ko=), -(zp>axw+tx;w 2, " P ¥ Kigdy -
H T
(il o+ X (B v (el
T*iT v zvﬁ VI K g TR Bug
(2) + z (x) & "
TR & Py = {BI,AX, 1+ 8, + M .t
* Qpp ’ y* O
I1i11-13
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TABLE III-1

SIGN CONVENTION

POSITIVE

e g

X FWD
DOWN

N

o

NCSE UP
Fwh

x-

DOWN

M-

s o

ROSE UP i

a pes. nose up (ow rotation from wind
vactor to x-axis)
pos. 1f L.E. swash plate is down

S e o R ST Faire

~ ™

up

e

Epug e S pes. if increases local a

1, FWD of €G. (in pog x-direction)

1 BELOW €G. ({in pos z-direction} 3

£

:

Forces and momenkg ag shown in Figure III-l.

1
3;
>
¥
¥
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where the notatior i3 given in Pigure III-1 and Appendix
B. The sign conventions are given in Figure 1II-1 and %
Table III-1. Assuming that the exterhal.fqrces and moments ) o ?
aie known, these ejuations represent three equations in the |
three unknowns u, w, and € and can thus, in principle, be
solved. In the present simulation this is accompiished
mumerically using a fourtheorderx Runge Kutﬁa integration
schene.

The methud of dgtermining the forces and moments of

the governing equations for the particular aircrsft considered

in this simulation, the CH-53D, is given below. Furthar
information applicable to the CH-53D aircraft is given in

Appendix C. These methods are considered in the following

crder:

Landing Cear Forcas

RotoX Forces, Angle of Attack, and Engine Power
Poter Hub Moment |

Fusaluge Forces and Moments

PR DL RS A P L R AP AR R PVRE:

Tail forces and Monents

2

intezferente Angles
hutomatic Flight Contyol System (AFCH)

The Ground Effect

AT L E e

i1i-1 landing Gear Forces

{1} Pnousmatic shock strut Isotharmal cospressiorn is

assumed,. Maxizulm stroke on both gears is 12*. In the

|3
%
3
i
:
;
:
1
1

tollowinyg formuls, stroke is measured fros the fully

Lii-é




compress2” position., The stroke vs. pressure charac- t:a

nont?

teristics. (Ref. 7-9) for the landing gears are as

follows:
’ PRESSURE,psi
STROKF _ - MAIN NOSE
STATIC 2" 850
67% EXT g 365
EXTENDED 12" 1g7 275

Nose Gear Determine cylinder length:

L = Pe (L + 4)

873
365 L = 275 (L + 4)
L= 12.22" from 67% EXT.
L)
Fressure, fully conpressed
PC Lc = Pe Le
‘ Pe L, . 275 X 16.22
Bo = T[Tt = Ty o T 1000 pel
Lead at any atroke
o= EC.I.'«‘#& .
LQAU ?A - S¥La
‘ . 1080 x 4.22 % 19.36
‘ 5+ L,
T BEEQO vy
= gw;mz Ft2 §TRUT
- 173260 - 111-4
] m TO‘.’C& {2 STRUTLS)
1X1-?
o et e S R L e ke m'-uiﬂnw.ﬁm
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MAIN GEAR Determxine cylinder length:

?8 L = Pe (L + 10)
850 L = 187 (L + 10)

L = 2.825 from static
= ,825 from compressed.

Pressure, fully compressed

P.L B50 x 2.825
= =Sa8 = e
e Lo .825

P = 2915 psi

Load at any stroke

- = Pel A 2915 x .825 x 19.36
LQAD PA = =53 Le 5 + 0.825

= §§§9%§5 PER STRUT

_ 93000

. ITI~5
m TOTAL (2 S*RUTS)

In the simulation model all forces in the lateral plane
are assumed to be uzsro, hence the load equations for both

nese and main gear are multiplied by 2 to give total load,

(2) Damping Damping is provided by the restriction of

tha flow of oil through an orifice with a sharp edged entrance
bn the lower side, and a rounded entrance (radius v .78 x plate
thickneas) on tha upper side., Damping is in 5ohh directions,
adding to the pneumatic force 28 the strut is compressed and
subtracting as it extends.

The properciaes 5f the vil usaed in the shock strut are not
known and no information concerning damping characteristics |

of the shock strut i3 given in the raports listed amony the

111-8
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references. For the purposes of this study, it was assumed that

the oil had the following properties (at 60°F)

M = 500 centipoises (absolute viscosity)

m
i}

.88 (specific gravity)

Thus p = .85 x 62.4 = 55 §/£t2

5

po= 500 x 2.09 x 10”0 & 1o~2

slugs/ft-sec

R = Reynolds number
Vdgoe
= u° where d_ = orifice diameter
o | V = velocity through orifice
= " .
do 0.75
d, = 4.122%

-In terms of piston speed V’/

L f4.122) 74.122 55 ; . ' N
/ e
3 108 v’

v"is the compression or extension rate of the shock strut

and 18 equal to the sink or rebound vate (in ft/sec) of

the aircragft. Values of v' for which the damping force is
significant (say more than 1/10th the air compressicn force)

are above one foont per second, hence the Reynolds number in

all cases of interast is above 10%. In the range 10% ¢ R < 105,
the discharge coefficient C for a diameter ratio doldl w ,15/4.128n
0.15 is approximately constant and equal Lo 0.6 {(see Ref. 14).

Solving the standard flow e juation
293P |
’73 = C A, et - A IXI«6

for damping force {(D.F.) = AP x Ac {psi x inzj

111-9
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in texms of q = VA, (in/sec x inz) E
@ where Vo is the piston or stroke velocity, in/sec,for C = 0.60
and p = 55 #/£t3 = .032 #/in’

D.F =

2
. .032 x 19.36 qy 2
7 X 386.4 x 0.602 I c

= 0622733 ch = .067 vc2 (vc in in/sec)
2 .
= 9.65 V .° (v, in ft/sec)

= 2
}0 Vc

B B o o o T B L s

There is no mention of a metering pin in the available

literature, except obliquely in Pef. 8. However, this

extremely low value of the damping factor indicates that one

% must be present. In terms of the ratio ¥mn of the metering
% vin diameter, dm, to the orifice diameter, do‘ the damping
§ factor can be written as: '

t ;

: -1

¥ ! 2 2

p.r. o« 10 (1 -22] Ve

; | v‘o

’ > Cp Ve

» 3 dm
where Cp is the damping cunstant an: Tun ™ 35

For practical values of Con CD has the following values:

tmn SR

.9 52.7
.25 100
.95 ico
+ 985 360
11110

RIS 0 ISR St o 2t a2

. s featuriidas:
cheta e v 2l o Wi et SRR RN B il RaY
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For a metering pin diameter dm = 0,950 dn' the clearance in

it

\'q.'ff

the orifice hole between the sides of the pin and the orifice
edge is (1/2X.050) (.75) = (.0250) (.75) = ,01875", which is
‘slightly larger than 1/64". In the simulation, the damping
constant (CD) was chosen to correspond to 100. Thﬁs, for

a sink {or retound) speed of 10 fps, the damping force is

D.F. = 100 x 100 = 10000# (or ~10,000#).

Both the viscosity and density of the oil are functions

of the temperatures. The variations in viscosity should have no

effect, Althoughthe variation is guite large, viscosity effects

only the Reynoclds number, which in turn effects the orifice
coefficient C. But in the range of interest, C is a constant,

Density is less affected by temperature, there being a drop

g
s

of pevhaps 1l0% as the temperature changes from 0 to 10Q°F,

and in view of the other uncertainties of the damping force

calculation, this can be ignored.

“ Usually, metering pins taper from the base to o point
near the end where the pin flares into some sort of a bulb,
so that maximum orifice cnpstriction occurs at aither end
of tha stroke. This variation was ignored.

Thus, for the present simulation, the damping force
iz assumed to be given by the expression:

D.F. = + 200 V2 111-7

The plus sign applies when the strut irn extending, ®ince

tha damping f{orce is downward.

111-11
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(3) Tire Forces 1In the interest of simplicity, tire

forces are not included in this version of the simulation.
The inclusion of the tire would add a degree of freedom to
each landing gear. This assumption can be justified by
noting that the work done by the tire is small in comparison
to the work done by the shock strut. Further, the work done
by the tire has a strong effect on the dynamics of the air-
craft. Since the unsprung mass begins moving at a somewhat
later time, the real effect on landing gesar forces, as far
as the aircraft is concerned, is to delay the build-up of
forces during the landing. However, the overall effect is
small in cases where the unsprung mass is small and hence can

be ignored.

III-2 Rotor Forces, Angle of Attack aid Engine Power

Assuming that the thrust is known, the following
paraneters can be determined:

(a) Thrust coefficient CTR

(b) Collectiva pitch @‘75 and A for minimum profile drag

{c) Torque coefficient Cq and Torque Q, required

R
(d) Power reguired PR

(a) Power ratic (PR} - requirede-to-available

(£} Rotor angle of attach a

(g) H - Force
{(h) Rotor lift and drag.

111-12
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The computations are accomplished

a) Thrust coefficient

Cp = W (TR/W)

TR% (QR)2

in the following order: {;}

III-8

b) Collective pitch setting for minimum torque

If Egs. 72 and 74 of Ruference 13 are added, the

resulting expression is tae
shaft and has the form:

- o2 ‘
Cp = K0S + K8 + K0,

net torque at the rotor

2 II1I-9
+K4X +K5A+K6

where the coefficients Ki are lengthy expressions which

are defined in sub-section

the thrust coefficient CT i
Cp 0
8; = t3,1x + t3'2 o

3. Eq, 69 cf Ref. 12 gives

n terms of 2 and 60:

t (8 + 6,) ) ™y
3,3 "0 7t I1I-10 ',

6O is the blade pitch at the root (collmctive pitch) and

at is the blade twist. Since C, is known, Eq. III-1lC

may be solved for A which may be substituted in IXI-9,

Th's yields a quadratic in

60.' Taking the firs:

derivative and setting it equal to zero gives:

2}
be * §
whora D iett4‘3 * t4‘3) - dztt

L 4 -
faty s = 8,85 gt +

-ltd o 1 P
£ oo 252 (LS.B + tS.Q +
ta o ¢ L i
*+ 3"‘ 1.3 (&, (¢

3,1
I1x-13

oo A R Bt Rty TSI e 0T BOAN

I1X-i1

+ -
5,6 ts,’?” sl(ts.l + ts,l}
Hatgs - fats,yg) -1

tS.lO) - 24 (t“‘ * 24.5 - ti.ﬁ)

$,6 + t5’7) - a (tQJR + :"3))
111-13
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_ In these expressions
( : | tij are the Bailey coefficients, Ref. 13

§, are the coofficients in the section drag equation

2
cdo = 60 + Glar + 62“:

i

a is the slope of the section lift curve
and et is the blade twist.
Since the second derivative of cQ is positive for a given
value of C,, Eq. ITI-llgives the value of €, for minimum torque.

wWith this value of eo, Eq. III40 may be solved for A.

c) Torque coefficient QQ”
The torque coefficient may be calculated by means of Egq. III-9
using the values of 8, obtained from Eq. IIIil, and A from IXI-10.

The coefficients of III-9 are
Ky = (85 gmat, )48t g-at, 51+ 4y tg 14

P - : . —a +
, K2 61t5'3 + §1t5,4 + (62t5.9 até,s)et 2at4'6)

=
L]

3 = (8bg gmaty o) *+ (§,tg qmaty ) III-9a
(& ~at

"h e S 4 ren Y

=
q

2t5, 578k, 1)

: 5 = S1tg o + (S,tg ymat, )0 /,
% - Y
g Ke = Sots,1 % %1%5,4% * Sa%s5,10%

§ Torque is given by the expression

>
i

G = ¢ (% tari? R) I11-14

Q.0
d) Power required P, = §§5 shp. I11~15%

Maximum power for the CH~53D, & function of temperature (°C),
is taken from Figures 4.5 and 4.5 in Reof. 6.

P * 6422 shp t < 13°C

max
« §858 - 29,1t  15°C>E>59%C § 100% N
= 5140 t > 53 C I11-16
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e) The rotor angle of attack _ (ﬁ)
Eq. 76 of Ref, 12 yields:
. . ¢
&, = arc tan y A+ mZ}—xZ)-l/Z—- III-17

f) The H Force The profile drag-lift ratio is

expressed as

§ ‘
D . g@a o) l / i
(L‘)O = [a t A%, Y t6,3".75) |
. 2 (tg A2+ £, (A8 62 )
) a 6,5 6,6 .75 6.8 .75
It is also equal tc
Bl LIt
L o T cos ac - H sin ey
. D ;
Thus ~T{8in a_ + = cos % ;
How c L ) I1I-18 !
cos Gp + D sin Gc

g) Rotor lift and drac The rotor lift and drag: i

L? = T <08 A - H grin G I111-19%

. DF v H cos @, - T sin a. ITTI-20

II1-3 __The Rotor fub Moment : §

The moment due to flapping hinge offset is given in
Ref. S {p. 49} as

: 3
4, = Kla;~B,¢) -(?%n) (?‘:’) {1 - (%) ] 131-21

111-18
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The term a; is the backward tilt in flapping and is

given by the expression (Eq. 65, Ref. 12)

a) =&y gty 0p by g8 = by Aty G0 o

In most forward flight conditions & < Bygs where Bls is the
forward cyclic, so the first term is negative, pitching nose
downi. The term K is the hub pitch constant, ft-1lbs/deg:

ebs’zzMs
5

K =

The second term adds to the first if éf is negative (pitching
nnse down), but the whole term is usually small and can be

ignored, Thus the hub moment is
2

ebR“M '
M, = 5 = (a; - Byg) ITI-22
For the CH-53D: e = 2.0
b =6
Ms = 184
1= 22

< 2% 6 x 27 x 184
H 3 (ay

v 5,35 x10° (a, = Byg)

Thus M -~ B

18) 111~23

18

The value of a, - B, may be as high as ~3° g0 My might be
about - 23000 ft-1be. for che CH-%3u,

III-4 “uselage Forces and Moments

The equations for fuselage 1ift, drag and pitching
moment are based on wind tunnel data for the CH-53D prasunted

in Refs. 10 and 11, and shown graphically in Ref. 5. A

I11-16
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polynomial was fitted to the data for the range of fuselage f;D
angle of attack from ~1€° to +16°. The resulting equations

-

are
LIFT  Lp/q = 15.0 + 487 o 1II-24
DRAG  Dp/q = 41.696 - 11.45 oy
+ §.423 ag 1II-25
FOR THE RANGE -20° < A S+ 200

iIn

MOMENT My/q = -450  -20 % a4y 5 -12 1II-26
MF/q = 58.8 ap =12

M/q = 1000  +16

A

<
0p =+ 16 II11-27

IA
A

L]

p -t 20 111-28

The 1lift data is for fuselage and tail. The tail incidence

equals 3°. The drag data is for the complete aircraft, in- . {“}
cluding rotor head, antenna, cocling losses, etc. The moment

data is for the complete aircraft, minus the tail. The full-

scale data shown in Ref. 5 has been transferred to a c.qg,.

at station 386 and a waterline station of 161.4.

IJII-5 Tail Porces and Moments

The horizontal tail lift coafficiant is

ClT = a (GT - GQ)

I11-29.1

where the angle of attack'qria
qT-{%f*iT-t‘.T*&p

and o is the zero lifr angle. The slope of the lift curve

I11-29.2

a=C is
Lr |
/R I11-29.3

ffrs) 2
14 \f(EjED ‘1

a =

I11-17
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_ . _ . A
where a  is the lift curve slope for the airfoil section *é
and is taken to equal 5.73. For an aspect ratio equal to 5

2.5, a= 2,88/RAD or 0.05/DEG. g

o, the angle of attack of the tail, is equal to
the fuselage pitch angle Bf, the tail plane incidence angle
iT' the downwash interference angle Eq and an additional

angle of attack change produced by the fuselage pitching
motion and equa} to

0 gLy

wﬁere_j;T is the distance of the tail to the c¢.g. The angle

€p is discussed in the next section.

¢, =.f c ITI-29.4
My Ly

Tail drag is a part of fuselage drag and included in
Egquation XXI-25.

111-6 Iaterference Angles

The generalized eguations of motion contain the

. downwaah Interference angles

(i) c?vs Botor on fusalage 131-30
(2} Em Rovor on tall 1Ii-0

which spply in thiz cage, sg vwell as several others {
Ege Eps Eppe and B! which do not apply. The formelses

Lppg N8 Ly ayo taken Drom Ref. 3, section 3.

i

9 5y T 0 - N

Com = Tan o, - ~§

£ © f
i1g-18 :
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Some consideration was given to the use of the formula

- - A
where KFT is a function of the rotor wake angle

X =a, + Tan~t [f %»;}

The functional relationship is shown in Ref. 4, Section 5,

Figure 1, For a range of x from 40° to 80°, Kpg {and KFT)
ranges from 0.37 to 1.46. Since no information was availa-
ble on the wake angle x for the flight conditions of interest,

it was decided to defer this question,

I1f{I-7 Automatic Flight Control System (AFCS)

The simulation model of *he AFCS is mathematically

identical, except in one minor respect, tc the AFCS installxd i

Fowm

N o

in the CH~53D aircraft. The exception is dug to the finite
difference nature of the AFCS sirmulation which delays the
feedback one time step. The pitch transfer function of the
AFCS feedback locp is dorived as follows:
By, = Kylp + K 8
whera Fig 18 the cyclic pitch of the swash plate
%f iz the pitch angle ¢f the fusolage and K, and Ky

arce the rate and proportionsl =usine., The transfer function is
i o
A {rs + )

uxp

K t :
R
vhore T Q‘R;). The feedback gains for optimum performance

have beoen Jerived in Refersnce S, for th. aircraft Systan

o
(=

2. 40 v ) *cyclic/*fuselage

Lo
| 2

I1g-}9

et At s AT L € AL AT AT T P ettt mtn it 2 R e e R £ e e R R T a R A e e BT AN o e S S 2 et R,

. e - . % i



T RRER B R R

The question of time delay referred to above is of ' E
interest. If the AFCS simulation were described by con- . o
tinuous (analytic) differential equations, the time delay
could he represented by the transfer function e ®% and its
effect could be readily determined by the various techniques
of control system analysis, say by a Nyquist plot. However,
when the AFCS simulation employs difference egquations, the
control feedback is delayed, i.e.,

(By) = Ky (éf>t + K (8,)

_ = P
tat + T t. t=t,.

-and the value of B, is calculated from the values of éf
and Bf'a* the prévious time step.

Figure IXII-2 shows the effect of step size. The curves
trace the moticn in the x-z plane. At the end of seven

intervals (8.4 seconds) the coordinates are:

hn 8.4 x_ _Z
010 840 .20 .85
625 316 L7000 3.00
L53) 168 1.02 3,38
BY.LL 84 2,30 4.10

»150¢ &2 4.90 6.90

tcurves not shown in Figura I3I-1,

11120
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It can be seen from the results above and from Figure
IXII-2 that the error due to the finite difference representa-
tion of the AFCS is not large if the step size is less than

.050, for the hover conditions only. Conservatively assuming

that all the differences in Figure II1I-2 were due to the
delayed feedback error, then the error incurred in increasing

the step size from .010 to .025 would be «

_ 7(.70-.20)% + (3.85-3.003% _ .987
336 336

[ &)

.002%4

fi

which is less than h but greater than hz. It can be shown
by the examination of a simplified version of the equations

of motion that the delayed feedback error is of order Nh, but

" not th,where N is a positive number which is a function

i K (e AT D e v hei A D YA Ao SR SR

~of the x forca.

I11-8 The Ground Effect

Figure III-3 shows the variation of the ground effect

paraneter

A = rotor thrust in ground effect

rotor thrust out of ground effect
as a function of the ratio /R
¢ = distance éf £su0r head above ground
R = rotor radius
in torxms of the ratic vao

V = forward spees (-1l)

/ n \1/2

Y = ( Y,
2% pR® B/

e induced velecity in hover

V s« tip loss facter = 0.97
ri-22
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For T = W = 33500

v oL 33500 1/2
o 2 2
\(2m) (0.00238) (36)2(0.97)

= 76.7 fps

Since the launch/recovery operations are limited to an initial
or terminal speed of about 25 knots ship velocity and 45
knots wind velocity (the maximum allowed fo? CH-53D wind-up)

V = 70 knots at take-off

= 118 fps.

and V/Uo = 1,55,

The parameter A gives the reduction in thrust due to

Sk o T RE T

ground effect. Ground effect will alter each of the wvariables

computed above, since the effective thrust is reduced. 8Since

the LARC~I calculation begins with a value of thrust (in

terms of T,/W), and this value ir multiplied by A (as a ﬁ

function of F/Uo), then the values for C,., C 8 , a_,

T QR' o' "¢ g
H, Lp and D, all include the grcund effect. However, it should :
be noted that the unbalanced moment due to a rotor being only

partially in the ground effect, as when the rotor extends over

the odyge of the deck, is not included.,

I1r-24
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IV. GENERAL DESCRIPTION OF THE LARC-I SIMULATION

9}

The LARC-I (LAunch and Recovery Capability) simulation
provides the necessary coupling between the motions of the
ship, discussed in Section II, and the aircraft motions,
discussed in Section III. The motions of the ship are con-
fined to the x-z plane (i.e., to heave, pitch and longi-
tudinal velocity) and those of the aircraft to longitudinal
and vertical velocity and to pitching about the aircraft
center of gravity.

Physical interaction of the ship and the aircraft occurs

only through the landing gear forces and moment:

Z = - (F + F )
LG LGN LGM
X = brake force = t up Z.. i
= F X + F X
Mo 16y, “LGy LGy “LHy
(uF = coefficient of friction, usually 0.3)
FLGN and FLGM are, respectively, functions of Sy and SM' the

extension or stroke of the nose and main landing gear shock
strut cylinders which are in turn functions of the relative
aircraft and ship positions. The equaticons for stroke
are shown in Appendix €, page C-1. It is only in these
equations, in tha torms zib? (vertical position of the ship

two aircraft launch/landing points) and éi {(velocity of
LP

the same points) that the ship motion interacts with the

aircraft and the interaction through the landing gear forces

iv-1
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i&' persists only as long as the aircraft is in contact with
the deck.

: The variables 2, and 2 are in turn harmecnic

¥ *Lp trp |
functions of time which include the coupled heaving and
pitching of the ship in response to waves of a random sea.

The sea state is, in this simulation, characterized by

a single parameter, the significant wave height h1/3 which

may take values (crest to trough) of up to 100 feet in sea

%

' state 9 conditions.

g Further coupling between the ship and the aircraft

occurs indirectly through their relative motions. Since

; both the ship and aircraft motions are referred te a body axis

system it is necessary tec refer tne motion of each vehicle

{‘mp. )

to known fixed inertial axes (see Figure IV-1) in corderx

4 P I

to obtain the re'ative motion between the vehicles. The

nexcersary transformation equations are given in Appendix 3.

IV-1 Structure of the LARC-] Simulation Program

WL P (AL P

Figure IV-2 is a simplified block diagram of the
LARC~I simulation program. The simulation may be descrihed

as a fixed contrel non-stoady state medel. Each computer

rua gimulates a scament of length T (seconds) during which

the program computes the motion at N = 7
8T

ingtants (AT is the time step) during which 211 input

variablos including the controls remain fixed., If all aix-

¥ ? .
craft initial input ccodinate constants (xa xo’zo':a‘ac o tc)
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are set to zero, the aircraft is placed on the deck at a

distance,{x from the ship's center of gravity.
LP

The sequence of operations for the simulation which
uses a fourth-order Runge Kutta scheme to numerically inte- .
grate the equations of motion is shown in Figure 1V-2. At
each time instant Ti the force and moment modules (2), (3)
and (7) compute the forces and moments based on the attitude
and velocity of the aircraft at the end of the previous
time step, T,-At, and, if the aircraft is in contact with

the deck, the position and velocity of the ship, block (7).

At each time Ti' a value of Bj is calculated at block 9
S

based on tlhie value of ef and Bf at the previous time Ti—AT.

If the thrust/weight parameter (T/W) is greater than
one, the aircraft will ascend, if less thar one, the aircraft
will descend. The thrust may be delayed DB seconds by assign-

ing 2 value to the delay parameter D This allows the take~

D
off seguence to start at some specified peint in the ship
motion cycle. Experience has shown that tha paraveter DB
is less important in the landing sequence. Also, the thrust
may be specified to increase linearly £rom zerc to (T/WIW
pounds in Oy saconds for use primarily in the take-off
sequuica,

The initial longitudinal cyclic,aj; may be specified,
Howaver, thae Autocmatic FPlight Control Sygtom will contiaucusly

vary B! according to the eguation
*8

iv-3
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+ K_ (8_-9.)

st = Kref p £ 't

where KP is the proportional gain, K, the rate gain, ef

R

the fuselage pitch angle, and B{ is the swash plate tilt
P s A
angle relative to the rotor shaft. The effect of assigning
a value to By may reduce the magnitude of a transcient
8

motion, since otherwise BL‘ is assumed zero.
]

o

The trim pitch angle is the'fuselage pitch corresponding
to near equilibrium conditions at a thrust equal to (T/W)W
and for all other values of the initial conditions. For a
given gross weight and c.g. positionlet is a function of
forward velocity. If et is not known for a given velocity,
it may be found by a trial and error procedure, Since the
LARC program outputs all forces as functions cf time, thg
trim angle for a given speed may be eacily approximated using
the data from a few runs. Althcough trim pitch ig specified,

the aircraft in the simulation is rarely, if ever, in a ~*ate

of trim, or steady state flight, although the changes about

the trim value will not be large. The thrust program is shown
in black 4. The integration scheme is shown in block 8. The
dashed block 1l refers to the model for gusts or turbulence,
which, although very simple, was not included in the present

version of the simulation.

-2 Qperation of the LARC-1 Program

Tha following remarks are intended to jillustrate the

operation of the simulation. They are not intended to

V-6
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serve as a user manual. Operation of the program is quite
simple. A user with no priot knowledge of the program itself,
or prior background in programming, can make full independent
use of the program after only very brief instructions.
The program is designed for interactive operation on
a time-shared computer using a remote terminal. The user
conmunicates by means of the terminal keyboard. The program
response is by terminal print-out >r graphic display. Equip-
ment used in this project was a Honeywell H-1648 time-shared
computer, accessed by various remote terminals such as
Tektronix 4010 and Typagraph 3 and DP-30.
The LARC-I program written almost entirely in FORTRAN

IV, is essentially machine-independent. Certain cutput,
plotting and file processing routines which are required by
the particular interactive graphics terminal (Tektronix 4010}
are features of the H-1648 time-shared operating system.
Since these features are common to most time~shared systems,
operation of the program or computer systems other than the
H-1648 can be accomplished with relatively small changes in
the coding., Machine independency wag a major goal of this

roject.

| All processing on the time-shared system is done using
files which contain programs or data; each file is croated
independently. The files are accessud by reference to file
name, either internally in the program or by means of an

intoeractive command, Data files may he created in thelr

IV-7
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entirety, may be searched for specific elements, or may be

changed by altering specified elements or groups of elements.
Subsequent to the creation of the data files referred

to below, and to the compilation of the LARC-1 program,

the sequence of interactive coummands may appear as follows

(the user replies are underlined):

TYPE AIRCRAFT TYPE *** _(_I_Ir_ié_%

The user response lcoads a file entitled “CH53", containing
the input data shown in Appendix C., The user may select
any data file which he has previously created, each repre-
senting a particular a‘recraft configuration. Zlements of

this file may not be altered during run time.

k% )

—

The user response loads the parameter file DEFALT. The
valuegs of this file nmay be changed during rur~time in the
manneyr described helow

L 3]

Py

The user responrts 1Y for INPUT, signals the intonticon of
changing values in the parameter f£ile DEFALY. If this ra-
sponse ig a0t made, the JEFALT {lle is loedad 6 compllad
priory L& sun-tips,

PARMETER CONES » YES UR NO §Q

1t the uzer regspgoase ia "YESY, ihe paramater owics are priated
as shosti tn Table IV-I.  These oodes asnign & nuisbar to be
uged {9 the roponses Pisted below,

INSPUT COOE AND YALUE 21,0.0%

L O RN L T P RCLPA R S e 10K

L i NS R
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The user has assigned a value 0.05 to parameter 21 (the
run~time). The user may assign values to any or all of the

parareters listed in Tablie IV-~1l in any desired order.

INFUT CODE AND VALUE 25
This resporse is required to terminate the input sequence
following the comrand "1" and return the program to the

command mode.

*xx T

The user response is "T" for take-off but may be "L" for
landing. This initiates the computational sequence which
continues uninter:upted for N = T/AT steps. - Both T (run-
time) and AT (time step interval) are parameters and may

be altered for each run,

o

*x P e

In the present version, the user may command output in
tabular forw, “P" or graphical form, "G".

BOW MANY CURVES (1 - 3) 3

1. = CHRVE & ** )

2. -~ CURVE § **

ox

3 = CURVE & w+

£

Hore, the usor spocifies the éu:ves to be printed or disg-
played graphleally in any derired orxder, in groupa of one

to throe curves. Apperdix A containg examples of the printed
cutput. Tabla IV-2 lists the output parametara whieh may

be priatad en sompmand, Thoge 29 files are loaded in theis ‘

enviroty each Lime tha prouram oxecutos through the computation

iv-y
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sequence., The user may linit the output in any desired manner
by specifying from 1 to 30 curves in groups of cne to three.
After the output of each group, the program will print the

command signal "**" at which time the user may respond

with:

o

or G continuing the sutput sequences as described above
D initiating znother run in which parametar
changes may be made as described above.

Other commands which might be made are:

N  for NEW CASE which re-initiates the input

LAY Ty m e e 1 b Pt 5 . o b — tn

cycle from th-: beginning. The program response

to this is:

TYPE AIRCRAFT TYPE

allzwing the user to load the file pertaining 3
te another configurati < nedel of thy .ame
aircraft, or a different aircraft.
L for LAKDING which snts certain program switches
pertinent to the landing calculation.

E for END which stops execntion,

Regardlazs of the numbar of steps N s T/AT, the program

stores only 50 valuas, Al} 50 values are used in graphing ’

the variables shown .n Table IV-2, but enly 2% values ars ;

erinted. If e vaer dezii * moxe accurate resclution, he éi

must #u. lish thig by ctreazing the awnboer of steps ;

3w T/AT, by shortening tho rua time T, N must egual at ;
lesst 59, i
{
'
IV=19
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Individual runs may be continuations of a prior run.
Teble IV-3 and Figure IV-3 illustrate: the procedure. The
values in Table 1V-3 for casz I are taken from Appendix A,
Series II, case 1. The run time for this case was 15
seconds. The analyst chose to change thrust and fuselage
trim at t = 9.6 seconds. The initial conditons for case 1.1
are those which prevailed at t = 3.6 in case 1, plus the
control changes. 7This procedure may be repeated any
number of times to compute the flight path of a maneuver,

during each segment of which the controls are fixed.

L4
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TABLE V-1
PARAMETER CODES

AIRCRAFT INITIAL CONDITIONS

1. A/C INERTIAL X POSITION

2. A/C INERTIAI Z POSITION

3. A/C PITCH RATE

4. A/C PITCH ATTITUDE

5. A/C VELOCITY - X DIRECTICN-BODY AXES

6. A/C VELOCITY - Z DIRECTION-BODY AXES

AIRCRAFT COWNTROLS

‘7. THRUST TO WEIGET RATIO

8. CYCLIC PITCH;LONGITUDINAL

9. FUSELAGE

PITCH TRIM ANGLE

SHIP MOTIONS

10. SHIP HEAVE AMPLITUDE

1l. SHIP PITCE AMPLITUDE

12. SHIP ENCOUNTER FREQUENCY

13. PHASE ANGLE - FITCH TO HEAVE

SHIP INITIAL CONDITIONS

14, INITIAL SHIP X CG INERTIAL

15. INITIAL SHIP? & CG INERTIAL

16. INITIAL LARCH/RECOVERY PT « X

17, INITIAL LAUNCH/RECOVERY BT - 2

2 AT RN oA s AN R et =D S A

V=12
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(X)
(2)
(8)
(8)
(U)
(W)

(T/W)
(Bls
(BT)

(n3)
(ns)
(u)
(8}
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TABLE IV-1 (Cont'd)

SHIP VELOCITY

WIND AND SEA STATE CONDiTIONS

18.
19.
20.
21.
22.

WIND VELOCITY
SICNIFICANT WAVE HEIGHT

INTEGRATION CCNSTANTS

RUN TIME

TIME STEP

PARAMETER CODES

THRUST TIME CONSTANTS

23l

24,

25.

€.

R T Ry T TRl s S N WP R T Ve L7 L UL - ST I T R

THRUST DELAY TIME

THRUST BUILD-UP TIME
PROGRAM CODES

TIME AT INITIAL STEP

CONTINUE

Iv-12

(v.)

(V)

(h;/B)

(T)
(AT)




TABLE IV-2

OUTPUT PARAMETER LIST

CURVE CURVE
NUMBER LABEL PARAMETER
1 U a/c " A/C FLIGHT VELOCITY BODY AXES
2 W A/C A/C VERTICAL VELOCITY BODY AXES
3 THETA DOT A/C PITCH RATE BODY szs>
4 THETA A/C PITCH ATTITUDE BODY AXES
5 X(1) A/C A/C X POSITION INERTIAL AXES
6 Z2(I) A/C A/C Z POSITION INERTIAL AXES
7 XI1SCG SHIP CG X POSITION INERTIAL AXES
R Z1ISCG SHIP CG Z POSITION INERTIAL AXES
9 FWD CP NOSE WHEEL DECK CONTACT POINT INERTIAL AXES
10 AFT CP MAIN WHEEL DECX CONTACT POINT INERTIAL AXES
11 FLGN A/C NOSE GEAR LOAL LBS
12 FLGM A/C MAIN GEAR LOAD LBS
13 BLIF CYCLIC PITCH-LONGITUDINAL RAD
14 ALPHA POTOR ANGLE OF ATTACK RAD
15 GAMMA CLIMB (3R DESCENT) ANGLE RAD
16 THRUST THRUST LBS
17 33 ROTOR ¢ FORCE (BODY AXES) 1.8S
18 b33 ROTOK X FORCE (30DY AXES) LBS
19 216 LANDING GEAR FORCE LBS
20 XLG LANDING GEAR SBRAKE FORCES LBS
21 MLG LANDING PITCHING MOMENT FT-L8%

v-14¢
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TABLE IV-2 (Cont'd) )

CURVE CURVE
NUMBER LABEL PARARMETER

22 MGL MAIN GEAR STROKE INCHES
23 NGL NOSE GEAR STROKE INCHES
24 LF LIFT RCTOR LBS
25 DF DRAG-ROTOR LBS
26 LFUS LIFT-FUSELAGE LBS
27 DFUS DRAG-FUSELAGE LBS
28 LT ' LIFT-TATL

LBS
29 bT DRAG-TAIL LBS

R AR CS N ST
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V. RESULTS

Over 350 computer runs were made, 34 of which are shown
in the tabulations of Appendix A. The principal object of
these runs was to test the program and to gain éxperience
in its use. Thus, these runs do not necessarily represent
a systematic evaluation of the aircraft/ship compatability
problem. Budget constraints prevented an in-depth parametric
survey of all aspects of this problem. In fact, the "ship"

itself is only an approximaiion, since no detailed and

accurate information was available to model a specific ship

design., However, important conclusions have been drawn
about the effects of ship motions on aircraft control and
stability:

(1) Even for the most severe ship motions (a wave
height of 30 {“., an encounter frequency of 0.3 rad/sec.,
Series III, Casc 11) the CH-53D contrel margin is adeguate
for normal take-off. For ship cncounter frequencies from
0.3 to 0.48 rad/scc., corresponding roughly to periods
of 2.05% to 9.0 soconds, the ship motions arc quite slow
in conparison teo the aireruft notions. Sories I1I, case 4,
ropresents 8 govere ship metieon. In this cese. the ship
is heaving in a 30-ft, wave with arn amplitude of 13.3 feet,
and a pericd of 9 soconds., The ship is at zoro amplitude
at ¢t = 0, The maximum atrcraft rotor thrust iz attained
at t = 5 seconds and tho alrorafy xs‘atf the dovk by t =« 5.0

socondd. Despite the laryge ship oXcurs.ons, there is no

N P PRI axi et & wiuak St e adif ot I LAY S UL A e @ AR AN LR A
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excessive build-up in landing gear forces. The aircraft
pitches forward about 3.5 degrees during the first three
seconds, lifting the main gear off the deck. The nose gear
force remains low, howevcr, and vanishes at about t = 5.0
seconds. At no time during this 5-second period does the
pitching acceleration of the aircraft exceed + 0.105 rad/sec.

(2) In ail +the runs tabulated in Appendix III., take~off
occursed from a rising deck, at a time when the deck upward
velocity was near a maximum. Other runs, monitored visually,
were made for take-off from descending decks, also at
maximum velocity. In no case were large or destabilizing
moments transmitted to the aircraft, Case 1 of Series III
is typical. Here, the deck 1s ascending at a rate of
1/2 hl/3u2 = (15)(.68)%= 7.0 ft/sec at t = 0. It is assumed
that the aircraft is released at t = 0 at a distance of 7.5
inches above the static gear extension. Even so, the maximum
total gear load is only 46500 por-is at t = 0.6 sec. {A/C
gross weight is 23500 1lks.), and the landing gear pitching
moment is -104000 in.-1lbs. nose down. The pitching velocity
(THETA DOT) remains very low.

(3) Sinee the ship piteh amplitude was small {5.4%2° or
less) all runs were made with take=of{f from a point above
the ship cunter of gravity., In tho worst case, the ship's
pitehing motion, leading the heave by ax litele as § radians,

weuld add less than 1.3 fecot to the otal vertical excursion

av withor bow oy starn,
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(4) The gains for the AFCS pitch channel were determined

; for the CH~53D and agree with the optimum values calculated

by Sikorsky (Ref. 5). These values are:

n

K

R .4 rate given

i

Kp .8 proportional gain

(5) In its prcsent form, the program can be used to
determine gains, stability margins or trim conditions, but
the procedures are not “"optimum". Expefience has pointed
out changes which can be made to effect rapid convergenge
to optimum values by use of adaptive methods. Once optimum
gains and trim conditions are identified, stability margins
can be readily identified by an analysis of the motion.

(6) Although roll and yaw are suppressed in this model,
the simulation yiclds considerable data which provides in-
sight into the roll behavior. The significant variations
in A (the inflow ratio) and 3, . (the longitudi.al cyclic)
at freqguencies in the neighhorhood of 2 te 2 raddfsec., be-
causce of the effect on side forece, could induce éritical
enupling for ship notions in the same fraquency range., The
coupling cffects gtem fron the pressace of ) in the side

force pguation and in the third harmonie flapping term b,
A

gy~ !
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APPENDIX A

SELECTID RESULTS OF
COMPUTER RUNS
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PRINT-QUT LABELS AND UNITS

O TIME ELAPSED TIHE © SECS. .
l U a/C VELOCITY IN X DIRECTION FT/SEC
W A/C VELOCITY IN 2 DIRECTION . FT/SEC
THETA DOT PITCIING VELOCITY RAD/SEC
THETA PITCH ATTITUDE RAD.
X{I) »n/C X POSITION, A/C C.G. FT

Z(I) A/C Z POSITION, A/C C.G. FT

R TG P N T T e A S

Z{I1) s CaG. Z POSITION, Sd4IP C.G. rr
Z FUDL CP Z POSITION FORWARD FT

LANDING GCZAR

B T

CONTACT POINT

Z AFT CP Z POSITION AT FT
LAMDING CEAR
CONTACY POINT

NOSE GEAR NGSE CEBEAR LOAD LBS

R e P

MAIN GEAR MAIN GFAR LOAD LES

LG TATAL LANDING GFAR LOAD LBG

MGL HAIN GEAR STRUT EXTRUSTON INCHES
RGL HOSE GHAR ZTRUT EXTINFION INCHES

{FLULLY CLetRISRRD-Q  INQHES
FULLY EXTIONED=12 XNTHOS)
143 ROTOR FORCE -~ 2 BLHLOTION 185

Xt RODOR TOSCE « X DIREDTION LR

TR Wy E T B % e yach
Vs CYLLIC Pivoy FAD
SR WAL R A R fy A e s e Y -
LR P toh FLICHT PATH ANGLE RAD
ey U SN o . - i v .
ISR s Eynsrionsl vaiues I each variakle ace geurad ot
2Ty i va e . A kA biseeg . p 3 A A Y A § =
wWhigh enly 2% walucs are printod in vhe Ioilociag tabhles,
3 . -~ . L T LT P - . - 3 . -, . - -
s a3 LREEN Rt AN oxUreona, {(First two valucy in aioh
PO S -~ - e e e e e e Aw - Lo ¢ PR 3ot .
LSS Se s S S T % shE =t Bl iond <-.~-"5.}’ hA2 Sl Y hal i“rl'ﬁ-ilﬁ(‘: A
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SERIES 1 2ERC THRUST

CASL SWH T AT

.05 Chb = 200

-
<
s
[®4]

2 0 20 .05 CD = 10¢
3 10! 20 .05
4 20 20 .05

5 30 20 .05

~3
bot
(=
fog]
o

.10

8 0 66 .10

9 50 84 .30
10 3¢ 15 0% hrop ugcin = 160

11 3 Y% enorr apma

108" A¥ OF MIDSHIPS
FORALL CARCS (uXCEPY AS NOTIN)
BROF HEISET o 7.5" {(pxCEor 1)
EXCQUNTER FREQUENCY =~ .58

TAEE-QUE M3EA: MIDSRIPS (BXCFPT CASE 113

T = Lennth of ron seegnon
S onTIeG wlen, seocends
SWH = Signidtcsnt wave holght {hl,js, fLofdoskle amplitade)
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APPENDIX B

GENERALIZEDR AIKCRAFT EQUATYONS OF

MOTION




GENERALIZED EQUATION
FOR
SIX DEGREES OF FREEDOM

X FORCE EQUATION Page B-2 .
Y FORCE EQUATION B-3

Z FORCE EQUATION B-4

ROLLING MOMENT EQUATION B-5

PITCHING MOMENT EQUATION _ B~6

YAWING MOMENT EQUATION

IN THE LARK-I SIMULATION, “HE FOLLOWING VARIABLES ARE

SET TO ZERO

ANGLES

¢  ROLL ATTITUDE
¢  YAW ATTITUDE

B, SIDE SLIP ANGLE

Ay  LATERAL CYCLIC TILT
RATES :

p  ANGULAR KOLL VELOCITY ® ¢
r  ANGULAR ¥AW VELOCITY = ¢
Vv LATE™ VELOCITY = y
FORCES AND MAMENTS ¢

(ﬁ)a REAR ROTOR VORCE

All sive forces ond @momgnts

Bel.

L. e m e et : P e gy N RSS2 K 5 by 23 73 R v v andi P
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(a) The X-Force Eguation

n
= . { ’ x 5
X (X)F+(X)R+(X)FUS+(X)W+(X)T+\X)VT+(X)TRIEI(A)P1+W sin ¢ sin { 1
. y y ié
-W cos ¢ sin @ cos Y - ~%~ (utqw-rv)=0 H
FRONT ROTOR FORCE 5
(X)F= (LFcosAlF-YF sin AlF) sin (a—eF)~DF ces (u~eF) cos Bs i
§
--(LF sin A1+YF cos Al,) sin Bs %
F ¥ ;
REAR ROTOR FORCE :
i
(X)R= (LRcos AlR + YR sin AlR) sin (u-eF)-DF cos (a-eF) (o] Ss :
-(Lg sin A; -Y_ cos Ay ) sin 85 §
R- R v
FUSELAGE FORCE e L
(Klpys™ Lpygsin (mepygl=Dpygeos ( a-tp;ql  ©OS Bo=¥p gsin A4 Fpq o)
WING FORCE .

£y ; \ - - {fom o Tl
(h)w=. LwSln {a *N) chos {1 Ew) cos B

s 1
TAIL FORCE

-0 e Q
T} Lcos (e &T} cos B
VERTICAL TAIL FQU{E

(¥),=  Lgsin (a-¢
FY

(X}, =D a8 (-7, ) cos &+ L.,.%in 3
V3 i { MY gpRih S

=
TALL BUJUR FQRCE

.“ 13 3 R “g "'_ LR A ':}._. 5 ""“';“‘
(\;TR XTHQA: £ %Tﬁ} ;&CGR (rei

FOMER  PLANT FORCE
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(b) The Y-Force Equation

n

z o+ inA 7
=l(Y)Pi WsinAcosy

¥=(¥) o (¥) o (¥) oot (X)L (X) g X) (b (V) 4

+4 cos ¢ sin 0 sin ¢ -g (V4ru-pw) =0

where

'y - - ; ; - YT -
(2)F (LF cos AlF YF sin AlF) sin (o €.} Dy ccs {a EF) sin Bs

{ . Y = R
+(LF sin A1F+YP cos AlF 08 °g

(Y)K= ‘LR_COS Al +\R sin AlR) sin (a =~

. eR)—-DR cos (a=-g) sin B

+(LR31n A

~Y_. cos A, ) cos B_
1R R IR [

(D pys™ LpysSinlo~epygl-Ppygoos (a=epyg)  sin By + ¥

Fug S°8 Bs

(Y)wv Lw51n(u—ew)-nwcas(a—ew) sin Ss

(Y)T= ITsxn(a-eT}~DTces{a~aT) sin By

(¥) yq==Dyyp€08 (=€} sin 8 “Lypcos 8.

- ‘ ”“ - L - > n -
(Y)Tam YTRsxn\« ‘TRE DTRQQS {- CTR) gin 35 + TTRpss 85

{¥),, = ¥
PR

S A AR W L 1T i)
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(c) The Z-~Force Equation

n
Z=(Z)F+(Z)R+(Z)FUS*(Z)W+(Z)T+(Z)VT+(Z)TR+£§§(Z)P1+W cos ¢ cos 6

-% (Q+pv*qu)=0
where
(Z)F= - Dpsxn(a~ey)+(LFcos AlF-YF sin AIF) cos (a-eF)

Rsxn(a—eR)+(LRcos A1R+YRsin Al ) cos (a=¢

) + L

(Z)R= - D R)
cos (a~g

(Z)FUS= - D sin (a-¢

Fus FUS FUS PUS)

(Z)w = Dw51n(a~ew)+Lwcos(a-ew)
(Z)T = - DTsxn (u—eT) + LTcos(a-eT)

(Z)VT= «Dvsin(a-s )

VT

DTR51n(a—t )y + ¥

™
-
¥
i

T2 ~Cos {a~ LT.)

(7) = « T sin i + N, cos i
Pi Pi Pi Pi Pi

CBLC TPTS
= PITCHING VELOCITY Stkoc

q

p = ROLLING VELOCITY ¥ FRONT RQTOR

4 = YAWING VELOCITY » R REAR ROTOR

g w PITCH ATTITUDRE FUS FUSELAGE

@ @ ROLL AJTITUDE W WING

v YA ATTITURE T BORIZONTAL TAIL
U ow VELOCITY ALONG BODY x-AXI® 'y VERTICAL TALL
vooow VEROCITY ALGIG BODY ¥Y-AXIS TR TAIL ROTOR
w8 VELOCTITY ALLGGS 320Y ¥=AKIS ¥ POWER PLANT

s & ASCLE QF ATLACE OF ROTOR 14 LAHDING GEAR

¢ » INTEAFEREUCL OVE TO DOWUWASE

K o® FORCE IN OIReCTIONN OQF BOOY X-AX1s
L e LIFT FORCE ¥ OMAL TO BULATIVE WIND
2
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(d} The Rolling Moment Equation (L)

I z ¢ i |
P L=1 (L),=23% (Z). L, ~(¥) +(L_ ), +L
- i=l i =1 Yy i z, o i I

4 - ;
1= () phy - (053G + @ gl -0 Kﬁza

L o
N
A
B i
33
&
i
i
Y
B
&)
{4
i
¥

WA
@

? 2
rCyT' (V) g,

w0
+<Z)w£;w—cx>wazw+<zx

S 2

=3

VI C VT IR g TR“ZTR !

n
v+ I oz, b, -(Y), +Q +L + L. = L
i=1 Fi \Ypi Pi Pi FUS HdBF ﬁUBR

~p Ixx+1xz{r+p§) + fq(Iyy“Izz) + Ixy(q~rp)

ot
i
i1
',’é
&
4

,

z_ 2
+Iyz(q -r°} = 0

where i refers to the ith aircraft component and
is evalusted by letting L = 1, 2, 3, etc., or the
appropriate corpongnt desigaation,

: Subscript Irefers to inertia torms. Similar notation is
! usad in the pitehing and yaw'ng moment osguations given

helow,

E

‘_.". % . N i )

g fa)  Tha Pivghing Mement Equstion (M)

): £ 0 -

g Mw 5 (MY, a8 2 {2 2o *ivi ) *+5f

| i=} ¢ gey  ME e

e e e R G S R
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+0 ., =)y + 00,0 -840,
T T T Y0

f N/ y L
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(RIS SR SRR

O BT R e A I IR RIS, A3 M N At ki o e

n
o, o, Loy e mg M w4
e pitzpi pitsp ey Fus” HuB, Hus PR ;
: 202 p i1
gy * oIy (FTRT) rp (Tyy-1, ) ;

Tlxy(é*rQ)+IYZ(£ -pg)=0 i

(f) The Yawing Moment Equation (N} |
n n ) :
N=X (i), = L (¥),(, ~(X). &, +(N ). +N
i=1 1 isy 1NX, i Yi o'i I _
s= 0G0y 0 0 D
X F Y R XR R kR
R
: N . S
+(Y) ’ Xy TV iy = (X), 7 SRR
L L R ?
;1 7 oon 7 §
:: +(Y} \ “{X) r-ni: +(Y) | “(x) 4
1 VT \,T VI TR T ey
TR S 7 T ST '3 WA R SN |
s o) PN pii‘Pi'. FUS" *F R )

~r Y T (Detir) epo “I..
i, ﬁﬁ\? ir} p”(I¥Y IXA)

, R T I qhnr) s
Ay & arl ;yz(q pr) o= g

: L ® ROLLILT MOMENT

N W OPVTCRING MGENT

d ® TAWIHC Moup

. .

vy, MO8 ddstuace parsllel te oan axis @orignated by
% &
b ! Fubscripr 1, fron ¢.¢. ta force w-gh subseript 2
3 ,
4
s
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;‘ B~3




sin @

e}
L}
P
i
“ .

$ + ¥ cos & sin ¢

2

It
@ .
o]
2
[/1]

r=Y%Ycos 8 cos ¢ -~ 6 sin ¢

D e
f

qcos & ~ r sin ¢

©x .
1t

p+gsin ¢ tan 6 + r cos ¢ tan 6

[ 238 ]
i

(q si ¢ + rcos ¢ ) sec §

L et gt e Sl e oot A v 3
it 5 B A e A R o 2 LRI

Transformation to Inertial Axes

dy' . . ) : ,
¢ 5% = 1 cos B8 cos ¥ + v(sin ¢ sin 6 cos ¥ -~ cos ¢ sin ¥)

+ w{cos ¢ sin 8 cos ¥ + sin ¢ sin V)

3
s
4
i
E
.2
3
Eg
1
3
3
X
4

) S o . : .

g . : s wcos 8 sin ¥ + v(sin 9 sin 8 sin Y + ¢os ¢ cos V)
‘ .

i

+ w{cos ¢ sin @ sin ¥ - sin ¢ cos ¥)

az!

BB ISIREI SRR

: I v sin 2 + v sin ¢ cos & + w cos ¢ cos @
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APPENDIX C
SUMMARY OF
CHARACTERISTICS, FORCES AND MOMENTS

OF THE
CH-53 HELICOPTER
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SUMMARY OF
CH-53 CHARACTERISTICS AND PARAMETERS

CHARACTERISTICS
Rotor
R RADIUS, FT 36
b NUMBER OF BIADES 6
Q ROTATIONAL SPEED, RAD/SEC (NOTE 1) 21.7
o SOLIDITY RATIO L1150
e FLAPPING HINGE OFFSET, FT. 2.0
6, BLADE TWIST, DEG. -6°
iq ROTOR SHAFT INCIDENCE, DEG. (LONG.)
5 (NOTE 2) 50
i Y BLADE MASS FACTOR (LOCKE NO.) 12.55
M FIRST MASS MOMENT OF BLADES,
SLUG ~ FT 183.6
¢ Y1 x,y COORDINATES OF ~7.50
1 T ROTOR HEAD, F¥ 1.33
xf J
B
18 pax ) 16.25
{ CYCLIC PITCH LIMITS, DEG.
B {NOTE 3)
ao 1.0
max 7
COLLECTIVE PITCH LIMITS
o ;
min
c-1-
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4
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4
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3
3
E
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3
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3
1
4
1
:
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Craes

Cy
CHARACTERISTICS
TAIL
2
A, AREA, FT 40
i, INCIDENCE, DEG. 2.0
i¥; ASPECT RATIO 2.5
z, -9.85
COORDINATES, TAIL AERODYNAMIC
lxt CENTER -25.00
LANDING GEAR
1 \
Z g8.16
L?.gn
N NOSE ,
xl ‘ 7.08 i
*9n [ COCRDINATES OF GROUND -
CONTACT POINT
A 8,16
N 19, MAIN
xl 20,0
Iy y
AIRCRAFT PARAMETERS
W WEIGHT, LBS 33500
I MOMENT OF INTRTIA IN PITCH
t, AMBIENT TEMPERATURE, °F 89.1
‘ Ky $ LNGINE TORQUE 126,
AFCS CONSTANTS
KP PROPORT IONAL GAIN 0.8
Ky RATE GAIN 0.4
Kg SUMMATION GAIN 0.0
¢-2
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AIRCRAFT COORDINATES
INERTIAL AXES, FT 0
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AIRCRAFT VELOCITY 0
COMPONENTS

FUSELAGE PITCH, DEG 0.0
PI'rCi RATE, RAD/SEC 0.0

THRUST, LBS 36000

St

CYCLIC PITCH, DEGS

COLLECTIVE PITCH, DEGS

s -"'1'5-\2.'.‘9‘ s o

FUSELAGE TRIM 014

k
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(1)

(2)
(3)

(4)

NOTES

Rotational speed, power on, is maintained between 21.8
rad/scc., max, and 19.4 rad/sec. min. (Ref. 5).
Inclined forward.

Positive cyclic tilts the swash plate counterclockwise,

Parameters can be changed interactively at run time,
The procedure is discussed in Chapter III., The 1

values in the table are used unless specifically

changed at the beginning of each run.
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SUMMARY OF FORCES AND MOMENTS

H
x
i3
o i 2 ¥ L it A

LANDING GEAR_(Section IXII-])

NOSE GEAR LOAD VS STROKE (S.)

FLGN = 173200/ (S + 4.22) III- 4
MAIN GEAR LOAD VS STROKE (S,,)

DAMPING TIORCES

F.. =+ 100 8° I11- 7
LG, ,

where S = stroke velocity. (Subscripts: N=nose, M=main)

AN By RO U T SR LS AR ST

STROKE AS A FUNCTION OF AIRCRAFT/SHIP POSITION i

L ARANERRN P

(Both gear ¢'s are perpendicular to A/C x-axis)

SN = zi ~ LLG - zi + 1 8

X £
ac LPN LGN .
7.1
S, .= 2. - L .- 2, + 1 8
M i LG i X £
P
ac L M LGM :
wvhere 2, = A/C §
ac :
L = Distance from cg to landing gear extended, ¢
parallel to z axis, same for both gears. :
3, o= Launch/landing pad contuct point {inertial frame) i
LP i
lx = Distancy in x diveection, landing gear .

LG contact point to cg.

Qe = Plteh anygle, fuselage, poslitive nose up.

STRONT VELUTITY AS A FUNCTION OF AJC AND SHIP VELOCITY

N [

T AN D W IR MWL T L TN O et S

Sy ® 7 - (2 + ¢,1 }
N Loep i {*%. .
LG, ac LG,
. T : . K 1it-2,2
SM ® i - {31 + ‘ﬁlw )3
LG ac “LG :
M ) i
:
.32
c-5
. e esitenm N 7‘““v:¢~¢w~wxgaﬁ




ROTOR FORCES, ANGLE OF ATTACK, ENGINE POWER (Section I11~2) e

1, THRUST COEFFICIENT
cp = LiTrlM) ) I11-g
7R“p (QR)

CT = Thrust coefficient

(o Eov P A EPUTE R ¥ AT TS STt P, e e P a1 e b e e T B T e

W = Gross wt,, lbs

T, = Rotor radius, ft. :
R = Rotor radius, ft. :
¢ = Mass density of air, élugs/ft3 ]
2 = Rotor rctational velocity, rad/sec2 5
r 2. COLLECTIVE PIVCH, §__
b ‘:- D
?: it eo =X
:
& = w t - + -
? D= lalty, , +t, 3) =8t o+ tg ;)] b
ol . . R
E'ff‘ i 5l(ts,3 + t5‘4) + (atd,s 52t5‘9)6t ;
?E ‘3 + 2 (atuz’a = 52t5.10) I1y~12 !
- Now 28 (tg gt b5 v by 1) TRAlE 4t Yy st tee )
b t + ot '
3 , ,312 3,3 ! - \ L
: . - [65 (bg o * tg o) —alty o+ £ 3] i

111~13
ti.j are the coofiicients from Bailey's rotor
analysis, Refcrence 13,
ﬁi arve the coefficionts in the soction drag

eguatinng =

cdg = éo + 513 + 3§ a? lReferenty 12)

1 o 2

v
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Rotor Forces (Continued)

Qg = Cg (tR%0 (RR) 2 FT-LBS I11-14

4. POWER REQUIRED

o -l
Py = (QgR)/550 III-1"

Power available (maximun)

i

P
Amax

€422 shp. t < 15°%

B

6858 -(29.1)t 15° >t > 5%°¢c III-16

u

5140 t > 59°

§., ROTOR ANGLE OF ATTACK

a,_ = arc tan ré‘ + ~—c§; - I11-17
¢ LY 2w o B2 tod

6. THE H~FQRCE
-T{sin o_ =~ D cos o

c L &
Hom e -
B T1I-18

CQs Qc + i" 8in Cic
n o 23 '“SQ 61 a
S RS ftg,2* * tg,3%. 95

+ £2 t )2 + * by} + az ?

i (8,807 te,sMY as * tg,e% 98]

For these studies, the following values wore used

éo « 0.0087

§, w =§ 0218

1

2
a {8 the slope of the secotion lift curve = 5,73

§, s 40,400

Qt is the blads twist
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Rotor Forces (Continued)

3. TORQUE COEFFICIENT C,_ | -
P [?3 -ty .0 =t . (0 + e-ﬂ : |
£5,1 (787 "3,2%0 7 "33 Vo T T 1I1-10
Cq = xleg + Kyby + KyA8 + 3412 + Kk + Kg I11-9
Ky = (821:5’8 + at4 4) + (52 5,9 at4 5) + 62t5 10
Ry = 8ytg 3+ 8ytg 4 + Sty o = at, )0, + 23ty o

Ky = OOyt gmaty,p) *+ (8,8 qgmaty 3)
Kg = (5385,57a%y,1)

Kg = 83t5,5 * (S8 g2ty 308

Kg = Sotg,) * S1tg, 48 * Sytg 1007

where ¢ = solidity ratio (ZE
A = inflow ratio [(V sin a~-v)/GR

and .éi.t 'Ry 8 and 6 are defined abQVe

14}
SQ 2 torqgue coafficient
—) 2 2
®R%s ({IR}°R
Lp » T Cos a, ~ H Sin 8¢ III~19
Dp = H Con o, = T Sin o 11¥-320

Q
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ROTOR HUB MOMENT Section 111-3

2

3 .
= - 2\ £ -(€ 111-21
My = Kfay = By,) (123)(52) [} (ﬁj:]

ebﬂz

R:..._._’Szd.b_

ds

Y+t 8

a; =t 1,5% 1 %1,

1,4 ?

1
where e = flapping hinge offset, ft.

Big =‘cyclic pitch, rad.

a = gsection lift slope

MS = mass mowent of blades, slug - ft.

a, = second Fourler flapping coefficient, (tip~

path tilt) in flapping equatiop
B = a, - aces ¢~ bysin ¢ ~ +<-
(Ref, 12)

FUSELAGE FORCES AND MOMENT S (Section $ii~4)

LIFT Lefq = 15.0 + 487 up I11-24
DHAG  Dpfg = 41,696 - 21.45 ap + 4,423 o 11125
for -20% < 5, 2 +20°
( B By - fpug = ¥ ® Fisolage angle of attaek
Cpug = intexfareany 3% rotor on fusulage
]
g = dynamic prosaurs o 1/2av
¥ = oanglo of olimb
2 428 tan g
¢-9 .
i AT et e Eo S L A A Yt K ATt B g AR 5 Nam e A kA AT TE LML i Tk it e AR A At L | fes S Fem e A% B e 1“'- IR & TR e A S g ik, =”-W§&'Z o
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Fuselage Forces and Moments (Continued)
u = velocity in x iirection
w = velocity in z direction :
v = /{u? 4 w2) v ;
Moment M.F/q = ~450 -20°f_ Gpi -~12°9 11I1~26 ‘
358.8C!F -12 < U < +16° CIT1-27
= 1000 16°% ap < +20° 111-28 3
TAIL FORCES AND MOMENTS (Section ITI-5) f
¢, =ale - o 3
LT L 0 .\
1%C, = *
TR\ o ‘ -
1 +Wfi(~§;) II L %
where . - ) 1
where im = Tail incidence, pos. L.E. up :
&, ® zere lift incidence %
tp = interference angle., rotor downwash on tail (xee bolow) ;
£, ¥ change in angle of 2ttack due to pitehing :
P yvelocity of fuselage - 5
PRI
> "“?“x :
lx *» dietsnce of tall {1/4 pt. MAC) to og PT. :
T | K
V = flight path speed = Jud wz) _ :

¥ Hatpath Fatio

=10
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APPENDIX D

THE REPRESENTATION OF RANDOM SEA
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D-1 THE EQUATIONS OF SHIP MOTION

If it is assumed that the mntions of an arbitrary ship
are linear and harmonic, the six linear coupled differential

equations of motion can be written in the following abbreviated

form:
£ -
| M by - - alwt: A = . . .
[Mjknk + Bjknk = annk + Fj, 3 1 6 D~1
k=1

where the six displacements are each denoted by ny where the

subscripts from 1 to 6 refer respectively to surge, sway,

heave, roll, pitch and yaw.
It is not our intention to discuss the derivation or

solution of equation D-1 or the meaning of the coefficients

M, B and €. Experience with these types of equations are
assunmcd and it is sufficient to say that M is a matrix cf
mass terms augmented in sume fashion by the added mass of
the Jdisplaced water, B is a matrix of damping constants and
€ is a matrix of hydrostatic restoring coafficients. For
& ship with lateral symmetry under the assumption noted above,
the surge, heave and sway eqguations may be solved independently
E 0F the othay three, end the solutions of ali six ¢guations will
be sicple harmonic functions

nj @ Aj cos (.t ¢ Ej) i1, 6 D-2
~§, : i¥ vhe foreing function, or tha squatior of the wava (Fj eiwﬁb
L an bo expreszed in the sicple harhonice furs

¥ oos wt - D~3

he1-%
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where F is the amplitude of the wave
w is the encounter frequency

Aj is amplitude of the ship response.

We will only be concerned with equations D-2 and D-3 and for

all other matters, the reader is referred to References 1 - 3

and especially PReference 15 which is a thorough and exhaustive

discussion of the derivation and solution'of Eqguation D-1.
Equation_D»Z is the sinuscidal response of the ship at

a given frequency v to a sinusoidal wave of form D-3. 1In the

next section, it will be shown that the real sea profile can '

in no realistic way be represented or approximated by the

form D-3. The real sea can in no way known be represented
gither as instantaeous profiles
2 = F(x)
Z = F(x,y)
or as time histories
Z = F(x;t)
2 = F(x,y,t)
where the representation F is a sum, finite or infinite, of
periodic functions, sinusold or other, or polynrmials such
that the error
@ = F - G{x,y,t)
betwean the representational function F and a measured profile :
of wave amplitudes G is cither less than a preassigned value,
or iz a mathematical function, analytic or not, of any of
the variables. This is, porhaps, the breadest statement that

can be made in nathematical terms of what apgears to be a truth

D=2
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which can be stated in less mathematical terms as follows:
it does not appear to be possible with the mathematical tools

we have at hand to make a mathematical deterministic model

of the profile of the sea surface which is a function of

no more than a few variables, say 5 or 6. If the variables
are limited to x, vy, z and t, it is cleﬁrly impossible.

Bven if other variables are added such as wind strength, wind
duratien, wind direction, fetch length, boundary values of |

coasts oxr water depths, etc., a deterministic model is

still impossible.

If this is true, the engineer has a problem. In nearly
all important cases, in dynamics, the eguations which he
deals with are eguationr of motion or are derived from
~equations of motion, and have the form of equation D-1i.

The statements made in the prior paragraph mean that the

t
“* cannot be used to represent real waves.

expression Fjei
The statements seem teo go much further: since there is no
deterministic way (that is a deterministic function ol a few
variables) of fealistically representing a forcing tunction
in equation bD~1, then there ls no way of comparing a solution
of equation D-1 with what may occur in reality. For example,
wa can calculate the motions of a ship in the sinuscoidal

wave a . cos wtive can measure tiie metion in a towing tank
whare such a "rure" wave shape can be generated, and cnmpare
tha results. fThis is done in Rofertnce 1 through 3. But

we cannot compare the motion in a2 real sea with the calculatoed

motion in “pure® waves. It was sald above that the statoments

P
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in the prior paragraph "seem" to be saying this, but this,
fortunately, is not altogether true. There is some truth
but it is not the complete truth. In what follows, it will
be shown that a statistical (as opposed to deterministic)
use of the solution of Equation D-1 can be derived using a
statistical representation of the real sea. The theory
of the statistical representation of the random sea is rather
gimple. There are some serious problems in using the theory,
beyond the scope of this brief survey, but which are largely
concerned with how we measure wave amplitudes. It is important
to remember thati the stutistical mcdel is completely empirical.
The deterministic model is partly empirical. |

We have dwelt upon thif at some length because the re-
conciliation of the deterministic model, exemplified by
Equation D-1, of ship motions, and the statistical model of
wave motions discussed below, although not difficult to under-
stand, can lead to seriocus misconceptions as to what the results
really mean. In mos* cases, the true meanings are probabilistic:
"an amplitude of a given value will be exceeded only in a
given time.* What, then, is the meaning ©f cheosing one
ampli ide rather than another? Answers to this and other

gquestions will be attempted in the folliowing discussion.
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D-2 The Nature of the Irregular Sea

A typical contour plot of the sea is shown in Figure D-l.
The smallest circles locate the highest (or lowest) points.
One should be impressed by the disturbing irregularity of |

the pattern, disturbing, that is, to an applied mathematician.

Figure b-l Typicul Contour Plot of the Sca

The pleture is very messy ao matter which way vou hang it.

1t the pattern appcars to have a prevalling motion (say,

from left te right) we might expect the crests (and troughs)
to extend indefinitely at right angles to the motion, They
obvicusly da noet,  Thiaz attribuwe of the wave pacturﬁ is
Known as short crestcdness, since no ong Corust extenﬁs very
far and anothoyr appcars not far away. Those short crests are
not aligned with sach «thor, or of the same length nf height,

{Compara creots a-a, b-b, and ¢-¢). The coatours of Figure

Deta P
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- D=1 are contemporaneous and if one were to record a multitude

of such plots at succeediny instants of time and if it were

possible to follow the history of each contour, it Qould
appear as if the various crests were mcving at different
velocities and in different directions, although the entire
pattern 'seems' to have a pievailing speed and direction.
Also, crests are not very durable, They appear and disappear
and their total life may not be very much longer than the
apparent "period" of the wave.
If a cut is taken alcng some line AA, the resulting

profile might look like Figure D-2,

T - .

B T

045 hours, N ey 938, 61945 N, 33827 W Tgpatt

Figure D~2 Typical Wave Profile

This is the samnec kind of profile wh.ch might be measured
by a wave height measuring device over a period of time.
That is, the spatial profile of a wave pattern looks similar
to that measured at a peint (say B) as the waves move past.
The profile ef Figure D-2 seems casy ¢nough to undor-
stand. Lot us say it was made by observina the height of
the water on a gtaf! fixed in some fashion to the ocean floor.
Newdiess to say, this s not how the record was obtained but
the remarks made below apply in any case,
Although Figure D-2 looks simple, it is enocmously

difficult to interprot. Tho "waves® ars coming {rom many
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directions although there secems to be some kind of prevailing

direction. The crest lengths are all different. Point 1

moving past B is only the low end of a crest, but Point 2
is a high point. Furthermore, the crests are moving at

different speeds although they give the appearance of moviag

in groups. A stone, for example, thrown in a still pond

induces a wave train that travels toward the shcore at a steady

“"group" velocity. But the wave lengths are shorter in the

rear and longer in front. If you follow a crest, say the

last, sou wvill find that it is very quickly the next to last.

As now crests appear at the rear, old crests traveling more

slowly disaeppear at the front. This is an example of a single

s

group speed but differing individual or “phase" speed. The

phase speed, ¢, is related to length {for the pure deep water

NI AT
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sinusolid) by the expression

wherce T is the poriod and L is the wave length.

Figure D-3 shows the observed freguency distribution
of apparent wave periods T (from Reference 16 in the form
of & histegram,

2
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Figure D-3 Observed Frequency Distribution of
Avparent Periods of Waves in a Typical

Irregular Sea

If this distribution is measured at several times during
a "steady" sea state, and each histogram is compiled from
records of apparent period observed during a given period,
and the increments T (in this case 1/2 sec.,) arxe the same,
the histograms will a.l have approximately the same shape.
Although this suygests the superiority of statistical over
deoterministic mathods, the freguency distribution does not
provide enough information.

It is apparent from Figuras D-3 that chserved frequencios
are cantinucously distributed from {(in this casg} about

?N‘

“pax © T T 15 (T = § secs.)
. i 0 - N
"Jm‘.n = s w 0.42 , (T e 15 sevs.)

{the actual bandwidih {g sumewhat larger, as wa shall see.

The datr fn Flguee 2+3 corresponds roughiy to a Seca state §
ot &.)

R s L N

PP LK i N TN 5. Qs (ST AT AR D AT
T A S AT S LA ECRIFE VWIS R e
T .
e b e a0

e mbern ALY e rabd Lk

Fia




A similar histogram could be derived from a single record

-
-

such as Figure D-2, or a collection or ensenble of records,
which furnish the distribution of wave heights. 1In the
classical theory, however, there is no relation between
wave period and wave height, except that the height-to-
length ratio is limited to about 1/7 (Ref, 20).

Joint distributions are equally unrewarding. What

appears below is an example from Reference 22.
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These histograms are for very small waves (2,9% max) that

L might appear on a pond or sheltered bay. Although the periods
seem clustered about the average period, the lengths are very
widely distributed about the "single wave" height.

A brief attempt has been made in this section to expose

ey

the enormous complexity of sea waves. In terms of a possible

i nmathematical descripticn, the sea is very irregular. Despite
this, the conviction that a mathematical description is

; possible is greatly strengthened by the shsevwvation that over

a wide area, for periods of several huuvrs, the sea may maintain
an appearance which defies description in terms of "average"

oxr “typical" wave lengths, or periods, but nonetheless appears

to be steady.
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D-3 The Specification of the Irregular Sea

Numerous mathematical models for describing a real
sea state have begen proposed but all have proved to be
inadequate except the description in statistical terms using
the concept of the continuous enerqgy spoctrum, |

It is very hepful in understanding the need for a
statistical description, to examine the deterministic mgdels.
It will be seen in each case that despite the determinictic
character of the describing function in terms of specified
amplitudes and freguencies, each method assumes information
which can only be provided by statistical analysis of actual
records. It should be noted that if any of the models
described below were adequate, it could be used to provide
wave forcing functions in equation D~1, since the solutions
for these egquations are for a single periodic wave of specified
anplitude and frequency. The complete soclution for an aperiodic
wave consists of the superpesition of an infinite {or in the
practical case, a very large) number of regulow waves, in a
manner which will be discussed in thae next section.

Consider the wave record of Figure D~5.

{1} This may be represented by a periedic wave whose
asplitude and freguonc: has gome gignificant relation to the
irregular wave. Tt L8 suggesiad by Sverdrup and Munk {Ref., 21)
that this can be doae with a regular wave

z. "
rie) « ¢, cos (25« ;)
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wherein T and 1 are the average amplit&de and period of the

one third highest waves., The representation is shown in Figure

D=5.

e

e

rit) .

E -% | e . —4 1‘L“

Frs. 13 —AcTeat Wave REcorn

elt)

e

r{t} = r, cos(‘gvgl--}-c} Xl cos{wt+ g)
%_ : elt) = r{t+v}

5 Figure b-% Feriodic Wave System with an Amplitude
5 component at a Single Spuctral Freguency

A sericus shgrreoning of this repreéent&timn is that about
-; . five sixths of the time the actual wave haights will be lower
| than the significant botght of the ldcalized wave., A zore
3 gericua fault lies in the geloctics of the peried 1. A
E 3hip acts a8 a navrow bkand Ffilter, responding oaly to paricds

ngar the pltusal period foye

ol H

I ¥ 43 boo much grexier ob loss
than Ty very Tittlo aotion will reault, But the 4ctudl «ava

3 rovord of fligure U=3 Contaling wave compononts of all frequencies
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and although the amplitude of a wave of period 1 = T, may

be quite small in comparison to r_, its effect on the motiou

m'
of the ship may be quite large. The idealization of ligure
D-5 has filtered out these components.

{(2) The irregular wave could be represented by a Fourier

series with various amplitude components at many discrete

spectral frequencies. This representation is shown in

Figure D-6.

’ *‘\ 1
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L; 5ﬁ 2 nt : ﬁ.i
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S _ N |
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L $ et e rl141,) |

a

NN

Figure B~& Periodic Have Syston with Anplitude Jesponents
at Many Lizgrate Spectral Freguoengiag

It 15 baged o 4 harmonic analysis of the setual wave reoord
of Figure o-6 lov tha pericd t,, and For that pericd waly 18

S gEatl rupresantation fer the larzit 2awve whete ae = pnd can
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be made as exact as desired by taking N as large as necessary.
But there is a severe practical limitation. In actual wave
records, the amplitudes of harmonic components are neglible
for periods less than 25 seconds which means that for n < (tl/ZS),
all terws would drop cut. The harmonics of maxinum amplitude
will have a period which is grcater than the waves of significant
(one third highest waves). The amplitudes of higher harmonics
with periods less than 3 seconds would be neglible. Thus
if t, were chosen as
'tl = 400 sazconds 30 minutes
Neglected lower
harmonics, n = 1, to 4 70
Ncglecﬁed higher

harmorics; n » 30 §00

The significant portion of the Fourier scries for the 400

L]

second case consighbs of sbout 3¢ ~ 4§ = 26 termg, and for the
30 winute case of about 600 - 70 » 530 terme. Now it is
alse true rhao low zetual waves in the Fourier series repre-
sentaticy zve cauzed by the phass cancelliation eof large
surbors of ha: wosic companants of amali amplitude and lagge
actual waves are causad by phage reinforeqstent of the samg

components . The phage angles ¢ ¢an be doteormined sxaelily

n .
by karmoale analysis for the given pericd S <ty but will

neQessarily difier for any sthoer Vvige pesiod,
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(The temptation for engineers to think in teims of this
modicl is unbelievably strong., After reading to the end of
this appendix, the reader should consult Reference 23. In
this paper, the author accepts the inevitabilit’ of a statisti~
cal description ‘2 terms of the energy spectrum, but
reverts to a function of the form shown in Tigure D-5 to
approximate the spectral distribution!)

{3) A third possibility for the description of actual

wave recc~ds is by use of the Fourier integral. Such a repre-

sentation is shown in Figure D-7.

elt) s it v (=1, (1)

ralt) 7] agle)cosutde +f byle)sinetda

. - .
3 i
aptel v gif rp{ticosntd?

. L .
Bolas .-;){' {1 sinwtal

sgure =T Aperiodic Vave System Haviag a
Coentinuous Amplitude Spocyrun
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In this manner r(t) can be made to represent the actual

£,
Qo

wave record over any length of time chosen for analysis and

RS P e e T
*

this representation would be exact for the interval analyzed.
It would fail, however, for time outside the interval in which

the analysis was performed, since the record would either have

AR A TR T TR

to be defined as identically equal to zero or would remain

unknown.

One disadvantage of this method is that there is no known
precise procedure by which, starting with a wave record, it
is possible to determine the'appropriate ap(m) and bp(w)L
Nevertheless, such a procedure is thecreticélly possible.

The Fourier Integral method would be a convenient one for
studying proble: uin transient response. It does not,

however, lend iteclf to problems of the seaway because of
the extrunely long duracion of the records to be analyzed.

The three modeles discussed above replace an actually
reasured wave profile of gsore definite leagth with a harmenic
apprmximaticn.' The most serious fault in sach method is that
the inforsution  termined in each case applics only to a
speeifiod time interval. The essertial irvegularity of
the sea {a never sdaquately accousved for, although thae
approxiration te a given racord could theovretically be made

at ¢losc as degired, In addition there ars in wach casa

proctival difficultics which have beor desceribed whie

E siriously vitiate the usefullness of .hose methods.

Hewever, for aay given sea state, over avpreciable

leagthy of tine, ag montioncd abave, thoers is a “steady

D-16
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state" appearance of the sea. This has led c.eanographers
to make use of the concept of the energy spectrum, exploiting
the statistical representation of a random process in a form
similar to that developed in communication theory by Tubey and
Hamming, Reference 17 and Wiener, Refercnce 18.

The motive in discussing the three maihematical models
described above is not only to exhibit their inadequacies
and the need for a random statistical approach as will be
described below but to clarify a loss of detail which must
be accepted as a consequence of the use 5f the statistical
method. Although in every way favorable to the “"deterministic®
models described above, the energy spectral method requires

that the phase angles arc random and independent,

—
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D-4 The Statistical Representation of the Random Sea

According to this representation, the wave amplitude

‘at a point can be represented by the integral

1!

r(t) = ém cos lut + e(u)]//lss(w)lzdw D-5

Zt will not be necessary to use this integral (which is not
an integral in the ordinary sense). This integral, which
can be approxinated as closely as required by a sum of dif-
ference equations, ié distinguished from the previous de-
scribed medels by the random natuvre of the phase shifts e (y)
which are equally probkable and equally independent.

The most iﬁportant term in equation D-5 is the spectral
cnergy Ss(w). The meaning of this term may be visualized

by exanining Figure D-8.
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Here it is assumed that the typical wave record r(t) is

composed of a large number of sinusoidal components and
that the alevation of the sea surface at any time t may be
represented by the sum
4
r{t) = lim 2 cos [wn + e(Lun)][ZSS(L‘))fSw]I/2 D-6

W, =¥

Gw=> o
The term Ss(w), a continuous function of wave fr:quency,
and is referred to as the spectral density. It comprises

the totality of the statistical description of the sea

iy

state. In Figure D-&, il can be seen that Ss(m) is a
function which for any increment &y, is proportional to the
total wave energy in that increment. In fact for the
increment du at the central frequency W the total energy
is

pg (8 (w) du ] D=7

vhere p 1s the densit, and g is the acceleration constant.
Tha total encrgy of the wave systom represonted by all the
corponent eneryies in the spectrum is given by the integral

5 [ € LN A
g S {.idw
g i, s( 1 d

This integral, which reproschts the srcen under the gpectral

curve ©f Figure 0-8, s wsually called B andt hence the total

=

* X tima).

»

encray I8 ogE. 5. his the units of {leagth

>

Whiie the quergy spactrus 55(%) has the appearance of

an arplitudo sncetrun, it s diffcrent dn a very signiflcant

way vhigh explains Lts unigue abilily to characterize the vandon
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sea. The potential energy of ‘a single sinusoidal wave (per

unit length of crest) can be represented by

1/?-ogr2

where r is the wave amplitude. It follows, then that at

a given central frequency Gyr @ fictitious wave having the
same eneryy as represented by equation D-7 would have the
height

1/2

- VY A
x, = [28, (u)dw)

The spectral density Ss(u), however, represents the cumula-
tive effect of all measurable amplitudes in the increment
dw centered at Wy«

S, (w) can be readily determined from amplitude time
histories such as Fiqure D-3. The encrgy spectrum is in
fact the Fourier transform of the autoccerrelation function
of a given amplitude time history. Thus

o

S (o) = = [ () r(t-n) ¢ >%'ar D~
P 3 éu O

where t is 2 continuously varyving time lag.,

There are two cardinal points to keup in mind in asses-
sing the valug of the spoctral density methed., The function
rlt) given by equatieas D5 and D-6, although it ropresents
a gtatistically valid profile will net be used in the subso-
guent devologment ol shin notions. Galy the apcttral deanitily

Fs{w} iv regquired. A3 will Lo shown in the nexe geceioen,

thig apupruanh pravides o statistical desoription of ship
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Figure D-8 Typical Sea Spectra
motions in the freguency domain. ‘The implication of this,
which has been alluded to above, is that this approach
discards all information which relates to the relative
phase of the variocus frequency components. Tha effect
of this will ke to introduce & deyree of indeterminacy
in ths equations of asircratt molion whose cmpertance wiil
bo vory hard to asseas,
D-21
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D-5 ©Ship Motions in an Irregular Sea

The solutions of equation D-1 for each frequency
are linear solutions of the form D-2. 1f we knew the
harmonic components of each frequency band Gm in Figure
D-9, specifically the amplitude of each component Wy
then we could combine the motions by the principal of
superposition and determine a total motion which applies
to all forcing functions present in the sea pattern.
This, however, regquires that we must use onc of the
three deterministic models shown in Figures D-5, D-6,
and D-7. These are, in fact, the deterministic medels
which cannot be used for the reasons discussed in the
previous secltion. The use of the sea encrgy spectrum
of onc of the experimental forms shown in Figure D-9
requires that we use the statistical information which
these spectra contain in a manner which is within the
applicability ¢f the principal of superposition,

The statislical sva enonrgy spectral data is used
with the solutions of equation D-1 in the following way:
A gpgctrum of ship responsd aneslitudes as a fancerion of
{cneounter) froguency is doteradned by the we of tha
enctygy spectrun 33(;} amdd the ship responss eparator
riv] by tho furmula

SR(“) a3 {w) Ss(’} 0-%
The ship responsy eperstivn is dofined as the sguaved valug

of the rosponsae ?j(ﬁ}fhi(«) (8ca eguation D-1)

D-22
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rlw) = [n.(w) /A, (w12
J J

for each significant value of w. Using the symbol

[R(w)]z for r(w), equation D-9 may be written

Sp(e) = [R(w]1? + 8g(0)

a fori in which it often appears in the literature. (See,
for example, p. 31 of Reference 2, and page II-§, thisbreport.)
The individual results in the calculation of equation

D-9 are illustrated in Figure D-10 and will be explained
in some detail below, Figure D-10 shows the application
of the principle of superpositioci. for sea spectrum at a
fixed point (Fiqgure D-10(a)) for two typical ships: a 250°
ship neoving at 7.97 knots (Froude number Fr = 0,15) and a
§00' ship moving at 11,27 knots {fr = 0.15%). In terms

of the frequency of encountar, w», the energy spectra are
shifted ta the right by the transformation

. '
w o= (l - ﬁO._.(i.\l
Q g ‘

whora Yo is thoe wave freguency and U is the ship spead,
In addition, as explained in Referznce 2, the speciral
amplitudes arve transfarmad by multiplying cach amplitude

by the Jsacobesa of the transfoermation:

i

0o 10
$1 g 1

Haturally, tho total ateas under the original and transformed

curves are hdentical. In Figure D-I0k the curves are smoothed
curves drawn through a large collection of individual

galutions to cguation D~1. For eoxample, at the center




frequency w, = 0.3, Figure D~10b shows that the ship
response in pitch, scaled by the wave amplitude AS is
about (for the 250' ship),

4

(0/5)% = 2 x 10” (

it

nS/AS)2 {Continued page D-25)

Notes for Figure D-10:

(1) The units of each of the sets of curves are as
follows:

Fig. 9(a) 2

i

Units of Ss(w) are FT° - SEC.

Units of 6/5 are (FT% - sEc?)~1

1

Fig. 9(b)

it

L}

Fig. 9(c) = Units of Sy (uw) are (SEC)~

(2) The spectrum S_(w) may either be determined
numerically from an actual wave (one-dimensional) record
such as that in Figure -2 or analytically by a formula
such as the Pierson-Moskowitz equation cited on p. 25,
Refercnce 2, or the Neuman Spectra (equation 1.28, Reference 7).
In the feormer case, the auto correlation of the wave record

i ohtained

2,070 = dim L1 z(t) 2l + 1) dt

The Fourler transtors of ?3(1) ia the pawer spectrun for

tiwe variasble 2.
oy . -
.‘w\¥

. ) AR
bs(u) o=y ¥3(1)a 470y

X -

"

In the latter ase, the amplituade of the sga specirum
is oxpreossed For any given fraguency 28 a fundtlon of some
parametar, fov example signiiicant wava haight “1/3 {in the
Piarass Mazkowits cguationl).

§ G s 1 exp tonsh
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Notes fof Figure D-10 - Continued
where A = (8 x 107%) g2
B = (33.56) h1/3
w = wave freguency

or (fcr the Neuman spectrum) ‘as a function of wind velocity

Ss(w) = (c/me) exp (—2g2/U2m2) coszxm
¢ = 32.9 FT - SEC™°
U = wind velocity
Xy = angle between wind and wave patterns,
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Figura D-10 Typical Piteh Respongas

where ¢ (and Rl is tﬁe.pitch inrradianﬁ and X (355 na) are
the wave émplitudﬁu, and about 1/2 that for the 500° s ip.
The spoctrum ol Figuk@ f-10b 18 the ship reaponae ampliiude
nperator roforred to in eguation D-% above.as riw). (Note:
in the lizertsturs the various ship rosponge amglitude opsra-
tors ote definzd and nen-dimcasionalized in vaéiuus wWaYS .
For aexamspla, in Heforenge 2; the raﬁpbnse amplitude opara-

tor {(BAD) in plich d8 zsecaled by 2x wave amplitudesuhip length:

D-25%

g 5 . (o (4 ey
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6L/28, L is the ships length and Z is the wave smplitude, ?

i In the case of that reference, equation 5 is used. The

i difference in the curves for the 250' and 500' ships are
very significant. They illustrate the general principals
that apart from hull shape and weight distribution, that
wave components of only certain frequencies have significant

effects on ship motions. In general:

(a2) Wave components c¢f about 3/4 ship length or above

have appreciable effects in pitching motions in head seas,

(b) The most severe motions result at about the ships

i

iatural pitching frequencies. The same kind of statements t
. i

can be made about all ship motions companents. i
The tetal pitch ship response In a particular sea state %

i

represented by ths sca state spectrum of Pigure B-10a is

R

determinad by nultiplving crdinate by crdinate the spectra
of Flgure 2-10a and D-10L to obtain the spostrum of Figure
D~10c. Again, it will ke noted that there is & significant
change in the shape of the spectra. For example, the peak
amplituda of the KAQ for the 250 ship is at about & froa-

guensy of 1.2, whargas tho piteb amplitud: spectya f&r the

71 ‘iﬂ same ship is reolativaly {lat Detween f{rsguencias of 0.6 %
% '? ‘ and Y. ¢ radiansssarcond. The seanlng of the shifting psak %
: ':; amplitudes in the throo dlagrang shauld be clearly undarstosd, §
é“ g _ {a) In the dea spacbrum Flaure R-10s the poak arplii- i
3 tude 6f the original aspocirus {18 at about w, * 8.4. The §
foreard zpecds of the twoe zhips s8hifts the frejguensy of en~ ¥

counter slightly to tho right sincs the ships re directed E

-5 i
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into head-on seas,

.(b) The smooth curves of | igure D-10b represents an
interpolation through an ensemble of solutions to the pitch
equation of equation D~1, wherein the pitch & has been
scaled by the wave amplitude. That is

(6/2)% = (ng/a )’
where a, is the amplitude of the exciting wave. Each
point on the smoothed RAO curve of Figure D-10b represents
& single independent solution of equaticn D-1 (in this case
the pitch equation). That is to say, the point on the
faired curve (u/c}2 gquoted above at an ercounter freguency
of 0.8 (for the 250' ship) is the Ng {or p.tch) selution to
egquation b~1 for the (unit) wava foreing function of

z/a, = cos (0.8%) {Head-on}
Likewise, the maximun smplitude for the 250' ship which
peGuUrE at an encountar fraguency of about » = 1.1 radiana/
gsoezond is the single particular g solution for the particular
{unit} wave

nfaﬁ = cos {(1.10%)
For sach metian eguation bBel musi be solved to determine
ﬁcpaféteif each porint sa the R, In Reference 2, for
exstple, solutions for pateh and heave sre salculated at
incremente &f the ensouttor Ircqguensy of 0.2 from 1.0 to 6.4,

{2} The piteh anplituvde spoctra Flgure D-lfe is for

eash freguenty, the protuct of the transforted B0 =padiis
fin toitns 9of enuounler froguency?} and the RAD ¢f Figure Beldb.

Howewer, what is Important to realize is that the pitgh
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spectrun (se(a) of Figure D-10c is itself a spectrum of
exactly the same statistical nature as Figure D-l0a. 7The
spectra;'curVe tells us nothing directly about the expected
amplitudes of pitehing and nothing whatsoever concerning the
frequencies at which these expected amplitudes might occur.
Statistically, the expected amplitudes are related to the
total area under the pitch amplitude spectra, Figure D-1lJc.
Thus for tne total energy

o o .
Eg = é Se(m)du = 1/2 é 2 Se(u; dw

statistical thoory states that for a typical “Rayleigh®
distribution, the average arplitude ﬁn‘ “significant" (or
average ¢f 177 largest ) 31,3, and average of fhe 1/10th

highest amplitudes &lfl“‘ are given by the expressiuns
&

8., @ 1.253 B

Thus, in the eaze guveesd in Figure D10, the tetal “energy”
in tha curve for *he 00 ghip fram ok we ™ {s about
-3 . -
2.5 x 1070 ssetamft phue,

¥, = % 1,BF

aw
g = ) ®
x* Ifj r, 2.§
VU R

Althaugh th

¥

fact khas beun referred mo with varyling Yogvecs

«

of erphasia

jree
Pt
L.

w¥eTal tined s the foregoing discuasian it

I8 congnr

.
Ee]

fed veyy jngpnrtast in Vigw of what will follsw

to esnlarss upoen 3t ageln:
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Although the various "statistical' amplitudes referred

- . ies . th |
to above ("average", "significant" or "1/1°~:_hlghest“) are

functions of the total area of the energy Curve, this methed

provides no information to associate these ampliiudes with

aiy specific freguency. Although our mathematicyy intuitién
-assures u§ that there is no other way for it to be, it is
nonetheless a feeling of somehow beiny cheated that overcomes
us when we review the three sets of curves in Figure D-io.'
The curve of Figure D-10b ‘= composed of a faireq intevpo-
lation of points, each of which as a solution of one of the
equations of the set equation D-1 is a solution which com-~
binece both:amplitude and- frequency (as well >s phage iag)
information. For exémple‘ as quoted'above, at an encounter
frequeincy of 0.8, $héxe (B/t)z 2R lafg.'this ship pitches
-abcut o '
9 = 0.815°/FT of wave |
That is to say that for a 2' wave of the fora
z< I cos 0.3t
 The ahip would pitch according to the axpressiap

L2
i

.= D815 {cos G.8¢ %-CST

-

[ ¥

{ehore o

2

although dﬁtéfﬁiﬂﬂﬂvbﬁ the solution gf equation D=2
is not inélﬁaﬁd in the Jdata of Figdra D-iOb)._ Howaver, in
the gineration of figuta DélOc. both rho frequeney and ﬁhage
information of solution D=2 is discarded, and amplitudes of
givan dinensions {such ag “averags® ox "slaniticant® o
*avorage of 1/10% highost*) or the probabilivy e an

avplitude 20 any given helght ds Guternined fyom the cota

.
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o = .'r.hv‘ = i
SFEM Al it e

fcu any sufficiertly large number N such that N = P(vN>81/3)‘

integrated area of the S, (w) curve. For example, statistical
theory for this type of distribution (the "Rayleigh" distri~
bution) states that thg probability that the %mplitude 8, a
given response will-exceed an amplitude 6, given height el,
is |

P(020,) = exp (-82/2%)
Since the "significant" amplitude "average of the 1/3rd highest)
for a Rayleigh solution is

8 = 2.00 E

1/3 8

‘where

E = J se(w) d,
o}
1
the wost probable largesc pitching amplitude 9y is
'eN = 51/3 InN / 2
No similar information is provided from Figure D-10c for tae
most probable {raguency or range of frequéncies for which a

given amplitude may occur.
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PRwRw

N

COMPILATION OF HARRIER DATA

The data on the Harrier GR Mark 1 aircrafi which follows was
received by CADCOM after the conclusion of the project described
in this report. It was furnished by Dr. Bernard H. Carscn ofzthe
Office of Naval Research, London.

CADCOM includes it herein striétly for information purposes

and makes no representations about its accuracy or completeness.
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